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Abstract

Aims: To assess the mechanisms involved in lipopolysaccharide (LPS)-induced neuronal cell death, we examined
the cellular consequences of LPS exposure in differentiated PC12 neurons and primary hippocampal neurons.
Results: Our data show that LPS is able to induce PC12 neuronal cell death without the participation of glial
cells. Neuronal cell death was mediated by an increase in cellular reactive oxygen species (ROS) levels. Con-
sidering the prevalent role of specific ion channels in mediating the deleterious effect of ROS, we assessed their
contribution to this process. Neurons exposed to LPS showed a significant intracellular Ca2+ overload, and
nonselective cationic channel blockers inhibited LPS-induced neuronal death. In particular, we observed that
both LPS and hydrogen peroxide exposure strongly increased the expression of the transient receptor protein
melastatin 7 (TRPM7), which is an ion channel directly implicated in neuronal cell death. Further, both LPS-
induced TRPM7 overexpression and LPS-induced neuronal cell death were decreased with dithiothreitol,
dipheniliodonium, and apocynin. Finally, knockdown of TRPM7 expression using small interference RNA
technology protected primary hippocampal neurons and differentiated PC12 neurons from the LPS challenge.
Innovation: This is the first report showing that TRPM7 is a key protein involved in neuronal death after LPS
challenge. Conclusion: We conclude that LPS promotes an abnormal ROS-dependent TRPM7 overexpression,
which plays a crucial role in pathologic events, thus leading to neuronal dysfunction and death. Antioxid. Redox
Signal. 15, 2425–2438.

Introduction

Bacterial nervous system infections remain a common
cause of human mortality in spite of new drugs and

treatment approaches (29). The major determinant of the
bacterial cytotoxic effect is a component of the outer
membrane in Gram-negative bacteria, lipopolysaccharide
(LPS). Interactions between LPS and the nervous system are
involved in several neurodegenerative disorders including
encephalitis, meningitis, and Parkinson’s disease (30, 31,
61). The presence of LPS in capillaries increases vascular
permeability, allowing LPS penetration into neuronal terri-
tory (34). The subsequent neuroinflammatory response
triggered by LPS induces neurodegeneration and neuronal
death (11).

Innovation

It is currently accepted that lipopolysaccharide (LPS) in-
duced neurotoxicity is induced through microglia activa-
tion. However, LPS-induced neurotoxicity in absence of
microglia has not been reported. In this work, we showed
that LPS challenge was able to induce neuronal death in
absence of microglia throughout the crucial participation
of transient receptor potential melastatin 7 (TRPM7) in an
ROS-dependent mechanism. In addition, we reported that
neurons exposed to LPS showed an ROS-dependent in-
crease of TRPM7 expression. Thus, we envisage that TRPM7
turns in a novel target for drug development in the treat-
ment of Gram-negative bacterial nervous system infections.
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Reactive oxygen species (ROS), such as superoxide radical
(O2
� - ), hydrogen peroxide (H2O2), and hydroxyl radical

(�OH), are endogenously produced cellular molecules in-
volved in a broad range of physiologic and pathophysiologic
cellular processes, such as regulation of cell proliferation and
survival, oncogene activation, apoptosis, and necrosis (32, 33,
38). It has been reported that ROS can regulate gene expres-
sion and play a role as a signaling molecule to modulate
protein function (10, 24). H2O2 and other reactive oxygen in-
termediates are involved in the expression of a number of
proteins, such as vascular cell adhesion molecule-1 (VCAM-
1), intercellular adhesion molecule-1 (ICAM-1) (44), the pro-
tooncogenes c-jun, c-fos, and c-myc (26), cyclooxygenase-2,
and prostaglandins (22). The effects of ROS on gene expres-
sion are mainly mediated by activating transcription factors,
such as NF-jB, activator protein-1 (AP-1), hypoxia-inducible
factor-1 (HIF-1), and the JAK-STAT pathway (12, 47, 50, 55).

Further, exposure to LPS induces an increase in oxidative
stress in a number of cell types (18, 41, 51, 53). ROS produc-
tion promotes a broad range of favorable effects in cellular
physiology (10). However, deleterious effects of ROS, in-
cluding promotion of cellular dysfunction and death, have
also been extensively reported. The nervous system seems to
be particularly vulnerable to ROS due to its high metabolic
rate, deficient anti-oxidant defense mechanisms, and dimin-
ished cellular turnover rate (23). During sepsis, it is well ac-
cepted that LPS promotes neuronal cell death indirectly by
activating microglia, astrocytes, and other immune cells (40).
However, recently it has been reported that neurons exposed
to LPS exhibit cell death even in the absence of other cell types,
suggesting a direct effect of LPS on neuron viability (4, 25, 65).
The mechanism involved in LPS-induced neuronal cell death
has not yet been established.

The transient receptor potential (TRP) superfamily is a di-
verse group of nonselective cationic channels (NSCCs) ex-
pressed in several mammalian cell types (13, 37, 60). There is a
well-documented link between the TRP melastatin-related
type 7 cation channel (TRPM7) and oxidative stress-induced
neuron injury (35). TRPM7 not only has a nonselective con-
ductance for Ca2 + and Mg2 + but also has kinase activity (39,
45). Although the participation of TRPM7 has been demon-
strated in several physiologic processes, extensive evidence
supports the finding that TRPM7 is a critical determinant in
oxidative stress-induced cell death, especially in neurons (35).
Suppression of TRPM7 expression in primary cortical neurons
with RNA interference protects cells from anoxia, suggesting
a role for endogenous TRPM7 in anoxic cell death (1). ROS
activation and enhancement of cation conductance is likely
mediated through TRPM7 (1, 35). Concordantly, over-
expression of TRPM7 in human embryonic kidney (HEK) cells
results in cell swelling, detachment, and cell death (1, 39). In
addition, suppression of TRPM7 in hippocampal neurons
leads to neuronal protection during hypoxic-ischemic injury
to the brain (56).

In this article, we address the question of whether LPS can
induce TRPM7-dependent neuronal cell death in the absence
of other cells and explore the cellular consequences of LPS
exposure on differentiated PC12 neurons and primary hip-
pocampal neurons. Here, we show that LPS can directly in-
duce neuronal cell death and that this process is mediated by
an increase in ROS levels, which result in increased TRPM7
expression.

Results

LPS activates ROS production and cell death

To study the impact of LPS on neuronal cell death, we
utilized nerve growth factor (NGF)-differentiated PC12 neu-
ronal cells. Since it is a matter of debate whether neurons

FIG. 1. Lipopolysaccharide (LPS)-induced neuronal cell
death. mRNA (left panel) and protein (right panel) detection of
TLR-4 by retrotranscriptase–polymerase chain reaction (RT-
PCR) and Western blot, respectively, in differentiated PC12
neurons (A) or hippocampal primary neurons (HPNs) (B).
The U937 cell line was used as a positive control. ( + ): PC12/
HPNs samples; ( - ): non-RT sample. Actin was used as a
loading control. (C) Changes in neuronal death determined
by MTT assay in differentiated PC12 neurons exposed to 0, 1,
5, 10, 20, 30, 40, and 50 lg/ml LPS (left panel) or HPNs ex-
posed to 0, 20, and 40 lg/ml LPS (right panel) for 48 h. (D)
Lactate dehydrogenase (LDH) release of differentiated PC12
neurons exposed to 0, 1, 5, 10, 20, 30, 40, and 50 lg/ml LPS
for 48 h. (E) Effect of TBX2 on LPS-induced neuronal death.
Differentiated PC12 neurons were exposed to 0, 20, and
40 lg/ml LPS in the presence (empty bars) or absence (filled
bars) of 160 lM TBX2. Statistical differences were assessed by
one-way ANOVA (Kruskal–Wallis) followed by Dunns post
hoc test. *p < 0.05, **p < 0.01, and ***p < 0.001 compared with
0 lg/ml LPS. Graph bars show the mean – SD. (n = 5–7).
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directly respond to LPS, first we examined LPS receptor ex-
pression in this pure population of neurons. Toll-like receptor-
4 (TLR-4) expression has been reported in various neuronal
cell types, such as cultured myenteric neurons from rat small
intestine (4), primary mouse cortical neurons (57), human
neuronal-like cell line NTera2 (43), mouse neurons in vivo (36),
rat trigeminal sensory neurons (62), and mouse cortical neu-
rons (58). However, to our knowledge, no TLR-4 expression in
differentiated PC12 cells has been previously demonstrated.
As shown in Figure 1A, differentiated PC12 neurons ex-
pressed TLR-4 at both the mRNA (Fig. 1A, left panel) and
protein levels (Fig. 1A, right panel), whereas undifferentiated
PC12 neurons did not (data not shown). Concordantly, TLR-4
expression was detected in rat hippocampal primary neurons

(HPNs) at mRNA (Fig. 1B, left panel) and protein levels (Fig.
1B, right panel).

To test the effect of LPS, differentiated PC12 neurons and
HPNs were exposed to different doses of LPS for 48 h, and cell
death was measured by MTT reduction assay. The exposure
of differentiated PC12 neurons to a dose of LPS as low as
5 lg/ml led to enhanced cell death, and a clear dose-response
relationship was observed when higher doses were used (up
to 50 lg/ml, Fig. 1C, left panel). Similarly, HPNs exposed to
LPS showed a dose-response cell death similar to the one
observed in PC12 neurons in the same concentration range
(Fig. 1C, right panel). Accordingly, the lactate dehydrogenase
(LDH) release assay showed a dose-dependent LPS-induced
PC12 differentiated neuron death (Fig. 1D), confirming the
results observed with MTT reduction assay.

To demonstrate that the neurotoxic effect of LPS occurred
through TLR-4, we performed an experiment using the spe-
cific TLR-4 signaling inhibitor TBX2 (28). Differentiated PC12
neurons exposed to LPS and cultured in the presence of TBX2
were significantly resistant to the LPS challenge. This result
suggests that the neurotoxicity of LPS is mediated through
TLR-4 (Fig. 1E).

To further explore the mechanisms underlying LPS-
induced cell death of differentiated PC12 neurons, we mea-
sured ROS production in these cells. Since TLR-4 activation
leads to an increase of NAD(P)H oxidase activity, we reasoned
that LPS may increase cellular ROS levels. Indeed, previous
work had shown that the intracellular ROS source, NAD(P)H
oxidase, could be involved in LPS-induced ROS-mediated cell
death in other cell types (7, 8, 25, 51). Differentiated PC12
neurons were exposed to 20 lg/ml LPS for 48 h, and ROS
cellular levels were evaluated with two different ROS-sensitive
fluorescent probes using flow cytometry. Control cells ex-
hibited a uniform staining with the ROS-sensitive dye
dichlorodihydrofluorescein (DCF) (Fig. 2A). In contrast, LPS-
exposed cells show a significant increase in the proportion of
cells displaying high levels of DCF fluorescence (Fig. 2B). Si-
milar results were obtained with diacetate dihydroethidium
(DHE), a probe used to detect superoxide anions. LPS expo-
sure significantly increases the proportion of cells with

FIG. 2. LPS-induced NAD(P)H oxidase-dependent neu-
ronal reactive oxygen species (ROS) production. Re-
presentative dichlorodihydrofluorescein (DCF) (A–D) and
diacetate dihydroethidium (DHE) (G–J) fluorescence histo-
grams from separate experiments of differentiated PC12
neurons exposed to either vehicle alone (A and G), 20 lg/ml
LPS (B and H), 20 lg/ml LPS with 2 lM diphenyleneiodo-
nium sulfate (DPI) (C and I), or 20 lg/ml LPS with 1 mM
Apocynin (Apo) (D and J) for 48 h. Data obtained from
several experiments, including those depicted in the histo-
grams above, are summarized in (E and K) for DCF and
DHE, respectively. Differentiated PC12 neurons exposed to
either vehicle alone, 20 lg/ml LPS, 20 lg/ml LPS with 1 lM
Chelerythrine (Che), 20 lg/ml LPS with 1 lM U73122 (U),
20 lg/ml LPS with 1 mM Ly294002 (Ly) or 20 lg/ml LPS
with 160 lM TBX2 for 48 h, and DCF (F) or DHF (L) fluo-
rescence was measured. Graphs show the percentage
(mean – SD) of cells within the P1 population of DCF or DHE
fluorescence. Statistical differences were assessed by one-
way ANOVA (Kruskal–Wallis) followed by Dunns post hoc
test. *p < 0.05; **p < 0.01 relative to 0 lg/ml LPS.
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elevated DHE fluorescence (Fig. 2G, H). These results suggest
that the overall increase in ROS cellular levels, measured with
DCF, is due to an increase in anion superoxide levels.

To explore the source of ROS production, we exposed PC12
cells to LPS in the presence of diphenyleneiodonium sulfate
(DPI) and Apocynin (Apo) (17, 19, 42, 64), which are non-
specific NAD(P)H oxidase inhibitors, and measured cellular
levels of ROS. As depicted in Figure 2C and 2I, DPI signifi-
cantly prevented an increase in ROS production in both DCF
and DHE assays. Similar results were obtained using Apo
(Fig. 2D, J). Experiments shown in Figure 2A–D and 2G–J,
which were performed with DCF and DHE, respectively, are
summarized in Figure 2E and 2K.

Considering that protein kinase C (PKC) is critically in-
volved in NAD(P)H oxidase activation (27) and that phos-
pholipase C (PLC) and phosphoinositide 3-kinase (PI3-K) are
involved in PKC activation, we addressed whether they
played a role in LPS-induced ROS production. Therefore, we
used the generic PKC inhibitor, Chelerythrine (Che), the PLC
inhibitor, U73122 (U), and the generic inhibitor of PI3-K,
Ly294002 (Ly). Further, to examine whether LPS-induced
ROS production occurred through TLR-4, we performed ex-
periments with TBX2. LPS-induced ROS production was de-
creased when differentiated PC12 cells were cultured
simultaneously with LPS and Che, U, Ly, or TBX2 (Fig. 2F, L,
using DCF and DHE, respectively).

An increase in ROS cellular levels may explain the increase
in cell death observed after neuron exposure to LPS. To ex-
plore the participation of ROS in the cell death process, we
performed the LPS exposure experiments in the presence of
the strong reducing agent dithiothreitol (DTT). As illustrated
in Figure 3A, increasing doses of DTT significantly inhibited
the increase in neuronal death observed after LPS exposure in
differentiated PC12 neurons (Fig. 3A, left panel) and HPNs
(Fig. 3A, right panel).

To confirm that ROS are capable of compromising cell vi-
ability in this cell model, PC12 neurons were exposed to a
range of H2O2 concentrations. H2O2 is produced in cells after
superoxide dismutase reacts with anion superoxide. As
shown in Figure 3B, H2O2 concentrations as low as 1 lM in-
duced a significant increase in neuronal cell death. These re-
sults are consistent with data obtained by Coombes et al. (9) in
primary neuronal cultures.

To explore whether LPS-induced NAD(P)H oxidase activa-
tion participates in the observed increase in cell death, LPS
exposure experiments were performed in the presence of DPI
and Apo. DPI and Apo significantly inhibited the increase in
neuronal death observed after LPS exposure in differentiated
PC12 neurons (Fig. 3C, left panel) and HPNs (Fig. 3C, right
panel). Also, neuronal cell death was reduced by culturing LPS-
induced differentiated PC12 cells simultaneously with Cheler-
ythrine, U73122, or Ly294002 (Fig. 3D). Overall, our results
suggest that LPS activates NAD(P)H oxidase, which, in turns,
increases ROS production, resulting in neuronal cell death.

Role of NSCCs in LPS-induced PC12 neuron
cell death

Alterations in intracellular calcium levels can modulate cell
death in almost all cell types. These calcium fluxes are deter-
mined by the activity of membrane ion channels and are
regulated through several mechanisms. It is increasingly

FIG. 3. LPS-induced ROS-mediated neuronal cell death.
(A) Changes in cell death of differentiated PC12 neurons (left
panel) and HPNs (right panel) exposed to 40 lg/ml LPS for
48 h in the presence or absence of DTT. (B) Changes in cell
death of differentiated PC12 neurons exposed to different
hydrogen peroxide (H2O2) concentrations in the absence of
LPS for 48 h. (C) Changes in cell death of differentiated PC12
neurons (left panel) and HPNs (right panel) exposed to 40 lg/ml
LPS for 48 h in the presence of 2 lM DPI (DPI) and 1 mM
Apo. (D) Changes in cell death of differentiated PC12 neu-
rons exposed to 40 lg/ml LPS for 48 h in the presence of
1 lM Chelerythrine (Che), 1 lM U73122 (U), or 1 lM
Ly294002 (Ly). Statistical differences were assessed by one-
way ANOVA (Kruskal–Wallis) followed by Dunns post hoc
test. * p < 0.05, **p < 0.01, and *** p < 0.01 against 0 lg/ml LPS.
#p < 0.05 against 40 lg/ml LPS. Graph bars show the
mean – SD (n = 9–12).
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apparent that many ion channels are affected by ROS (3, 15,
46). Therefore, we explored whether the ROS increase ob-
served after LPS exposure may interfere with cellular calcium
homeostasis. Considering that cell death is often accompanied
by changes in cellular volume, intracellular calcium levels
were measured independently with two different calcium-
sensitive fluorescent probes, one that increases (Fluo-3) and
another that decreases (Fura-Red) in fluorescence on calcium
binding. Differentiated PC12 neurons were exposed to 20 lg/

ml of LPS for 48 h, and intracellular calcium levels were
measured using the calcium-sensitive probes and flow cy-
tometry. LPS-exposed cells showed a significant increase in
the proportion of cells with higher intracellular calcium as
measured with both Fluo-3 and Fura-Red (Fig. 4A, B and F,
G), indicating that the changes in fluorescence are not related
to concomitant changes in cell volume. To determine whether
LPS-induced ROS generation was involved in calcium influx,
we performed experiments using DPI and Apo. As depicted
in Figure 4C and 4H, DPI significantly prevented an increase
in intracellular calcium. Similar results were obtained using
Apo (Fig. 4D, I). Several experiments, as shown in Figure 4A–
D and 4F–I, conducted with Fluo-3 and Fura-Red, respec-
tively, are summarized in Figure 4E and 4J.

Previous work has shown that a number of NSCCs could
be involved in intracellular calcium deregulation (15). In
neurons, compelling evidence shows that TRPM7 activity
increases in response to ROS and results in neuronal cell death
(1, 9) in the context of brain ischemia. Due to the lack of spe-
cific pharmacological inhibitors, first we assessed the effect of
polyvalent cations that inhibit a range of NSCCs, including
TRPM7 channels (1, 20). Gd3 + or Zn2 + blocked LPS-induced
cell death in a dose-response manner in differentiated PC12
neurons and in HPNs (Fig. 5), suggesting the participation of
NSCCs such as TRPM7 in this process.

FIG. 4. LPS-induced Ca21 overload in neurons. Re-
presentative Fluo-3 (A–D) and Fura-Red (F–I) fluorescence
histograms from separate experiments of differentiated PC12
neurons exposed to either vehicle alone (A and F), 20 lg/ml
LPS (B and G), 20 lg/ml LPS with 2 lM DPI (C and H), or
20 lg/ml LPS with 1 mM Apo (D and I) for 48 h. Data ob-
tained from experiments as those depicted in the histograms
above were summarized (E, J). Graph bars show the per-
centage (mean – SD) of cells within the P1 population of
Fluo-3 (E) or Fura-Red ( J) fluorescence. (N = 4). Statistical
differences were assessed by one-way ANOVA (Kruskal–
Wallis) followed by Dunns post hoc test. *p < 0.05 and
**p < 0.01 against 0 lg/ml LPS.

FIG. 5. LPS-induced neuronal cell death is abolished
with cationic channels inhibitors. Changes in cell death of
differentiated PC12 neurons (left panel) and HPNs (right
panel) exposed to 40 lg/ml LPS for 48 h in the presence of
different Gd3 + (A) and Zn2 + (B) concentrations. Statistical
differences were assessed by one-way ANOVA (Kruskal–
Wallis) followed by Dunns post hoc test. *p < 0.05 and
**p < 0.01 against 0 lg/ml LPS. Graph bars show the
mean – SD (n = 4).
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LPS and ROS induce an increase in TRPM7 mRNA
and protein expression in PC12 neurons

Previous work has shown that NSCCs activity is modu-
lated by ROS (15, 52, 54, 59); however, since the identification
of some of the genes encoding NSCCs, it has been suggested
that their expression could also be modulated by ROS (21, 48,
49, 63). To explore this possibility, we measured TRPM2,
TRPM4, and TRPM7 mRNA using quantitative polymerase
chain reaction (qPCR) in differentiated PC12 neurons and
HPNs exposed to LPS. As shown in Figure 6A, a significant
*8-fold and *6-fold increase in TRPM7 mRNA expression
was observed in differentiated PC12 neurons and HPNs, re-
spectively, whereas no changes were seen in the other genes.
The LPS-induced TRPM7 mRNA expression increase was
inhibited by DTT, DPI, and Chelerythrine (Fig. 6B). As shown
in Figure 6C, the LPS-induced increase in TRPM7 mRNA was
paralleled by an increase in TRPM7 protein in differentiated
PC12 neurons (Fig. 6C) and in HPNs (Fig. 6E). As a control for
the TRPM7 antibody specificity, HEK293 cells were trans-
fected with a plasmid encoding the TRPM7 cDNA. As shown
in Figure 6D, a band of similar size was detected in differen-
tiated PC12 neurons and in HEK293 cells transfected with
TRPM7 cDNA (Fig. 6D). The ability of LPS to increase TRPM7
protein levels was inhibited by DTT, DPI, and Chelerythrine
(Fig. 6C, F). To confirm that ROS are able to modulate TRPM7
expression, differentiated PC12 neurons were exposed to low
doses of H2O2 for 48 h. H2O2 exposure induced a significant
increase in TRPM7 mRNA and protein (Fig. 6H–I).

FIG. 6. LPS- and H2O2-induced increase of transient re-
ceptor potential melastatin 7 (TRPM7) expression. (A)
Changes in mRNA expression of TRPM7 (M7), TRPM2 (M2),
and TRPM4 (M4) in differentiated PC12 neurons (left panel)
and HPNs (right panel) exposed to 20 lg/ml LPS for 48 h.
Changes in mRNA expression (B) and protein levels (C) of
TRPM7 in differentiated PC12 neurons exposed to 20 lg/ml
LPS for 48 h in the presence of 1 lM DTT (DTT), 2 lM DPI
(DPI), and 1 lM Chelerythrine (Che). mRNA expression was
normalized relative to nontreated cells (nontransfected [NT]).
NT shows a summary of TRPM7, M2, and M4 mRNA ex-
pression in nontreated cells. (D) Detection of TRPM7 protein
in differentiated PC12 neurons (PC12) and in overexpressed
TRPM7 protein in HEK cells, as a positive control (PC). (E)
Changes in protein levels of TRPM7 in HPNs exposed to
20 lg/ml LPS for 48 h (C–E). Arrows depict TRPM7. Arrow-
heads indicate tubulin, which was used as loading control. (F)
Densitometric analyses for separate experiments as shown in
C (differentiated PC12 neurons, left panel) and E (HPNs, right
panel) normalized against 0 lg/ml LPS (NT). Proteins levels
were calculated relative to tubulin. Changes in mRNA ex-
pression (G) and protein levels (H) of TRPM7 in differenti-
ated PC12 neurons exposed to H2O2 for 48 h. mRNA
expression was normalized relative to nontreated cells (NT).
Arrows depict TRPM7. Arrowheads indicate tubulin, which
was used as loading control. (I) Densitometric analyses from
separate experiments as shown in (H) normalized against
0 lg/ml LPS (NT). Protein levels were measured relative to
tubulin. Statistical differences were assessed by one-way
ANOVA (Kruskal–Wallis) followed by Dunns post hoc test
for (A), (B), (F) (left panel), (G), and Student’s t-test (Mann–
Whitney) for (F) (right panel) and (I). *p < 0.05, **p < 0.01
compared with 0 lg/ml LPS (NT). Graphs show the
mean – SD. n = 4–8 for (A–F) and n = 3–4 for (G–I).
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RNA inhibition of TRPM7 expression in neurons
reduced LPS-induced Ca2 + influx

Due to the lack of specific pharmacological tools available
to block TRPM7 channels, we used a small interference RNA
(siRNA) to knockdown TRPM7 expression. For this purpose,
PC12 neurons were transfected with siRNA against TRPM7
(siTRPM7). Considering that the efficiency of transfection in
neurons is generally low, we transfected a red-labeled siRNA
that acted as a reporter, which allowed for isolation of trans-
fected cells through sorting. The knockdown efficiency was
evaluated by qPCR only in the transfected cells sorted by
fluorescence-activated cell sorter (FACS). As shown in Figure
7A, TRPM7 expression was reduced by*99% compared with
cells transfected with control siRNA (siCTRL). To study
whether TRPM7 was involved in the LPS-induced calcium
influx, differentiated PC12 neurons were transfected with
siTRPM7 or siCTRL. Then, transfected cells were exposed to
LPS and calcium levels were measured by flow cytometry
with the calcium-sensitive probe Fluo-3. We transfected a red-
labeled siRNA as a reporter to identify transfected cells. Thus,
analysis of the experiments was performed in the transfected
population only. Nontransfected (NT) cells and cells trans-
fected with siCTRL showed an increase in Fluo-3 fluorescence
when exposed to LPS (Fig. 7B, C and E, F). However, cells
transfected with siTRPM7 failed to increase fluorescence
when LPS was present (Fig. 7D, G), suggesting that TRPM7 is
involved in the LPS-induced calcium influx. The experiments
shown in Figure 7B–G are summarized in Figure 7H.

SiRNA inhibition of TRPM7 expression in neurons
reduced LPS-induced cell death

We reasoned that if TRPM7 plays a role in LPS-induced cell
death, it is expected that TRPM7 siRNA-transfected PC12
differentiated neurons should be resistant to LPS. Therefore,
we assessed cell death by scoring Hoechst staining of chro-
matin-condensed cells and the cell morphology of each
transfected cell. As shown in Figure 8A and 8B, siCTRL-
transfected cells exposed to LPS showed an increase in chro-
matin condensation (arrowheads) and an aberrant cellular
morphology when compared with LPS-treated siTRPM7-
transfected cells, in which cell morphology was preserved
(arrows indicate typical neuronal processes) (Fig. 8C, D).
When several experiments were pooled, it became evident
that LPS-induced cell death was significantly reduced in
siTRPM7-transfected cells as compared with siCTRL cells or
NT cells, but was not significantly different from cell death
detected in nontreated siTRPM7-transfected cells (Fig. 8E).

To confirm the significance of TRPM7 involvement in LPS-
induced cell death in neurons, we used HPN cultures en-
riched in neurons over glia. To evaluate the participation of
TRPM7 in LPS-induced cell death in HPNs, cells were trans-
fected with either siCTRL or siTRPM7, and cell death was
evaluated. Neuronal cell death was significantly reduced in
neurons that were transfected with siTRPM7 (Fig. 9C, D)
compared with NT or siCTRL-transfected neurons (Fig. 9A, B)
and was not significantly different from that in nontreated
siRNA-TRPM7-transfected primary neurons (Fig. 9E).

Hoechst staining indicated that LPS-induced neuron death
was apoptotic; so to address this point using a different
approach, we conducted experiments to evaluate annexin
V-FITC incorporation in PC12 neurons using flow cytometry.

FIG. 7. Small interference RNA (siRNA) against TRPM7
protects neurons from LPS-induced Ca21 overload. (A)
Determination of the efficiency of the siRNA against TRPM7
(TRPM7) by quantitative PCR. Measurements were con-
ducted in PC12 cells in triplicate, and values were normal-
ized to GADPH mRNA expression and are relative to cells
transfected with control siRNA (CTRL). Statistical differ-
ences were assessed by Student’s t-test (Mann–Whitney).
***p < 0.001. Graphs show the mean – SD (n = 3). Re-
presentative Fluo-3 (B-G) fluorescence histograms from
separate experiments of differentiated PC12 neurons in the
absence (B–D) or presence (E–G) of 20 lg/ml LPS for 48 h in
NT (B, E), siRNA control (siCTRL) transfected (C, F), or
siRNA against TRPM7 (siTRPM7) transfected cells (D, G).
Data obtained from experiments such as those depicted in
the histograms above are summarized in (H), showing cells
in absence (open bars) or presence (closed bars) of LPS.
Statistical differences were assessed by one-way ANOVA
(Kruskal–Wallis) followed by Dunns post hoc test. **p < 0.01
relative to 0 lg/ml LPS. Graphs show the percentage
(mean – SD) of cells within the P1 population of Fluo-3 (n = 4).
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FIG. 8. siRNA against TRPM7 protects neurons from LPS-
induced cell death. (A–D) Representative images of phase-
contrast and Hoechst staining from experiments with neurons
that were transfected with control siRNA (siCTRL) or with
siRNA against TRPM7 (siTRPM7) and then exposed to 20 lg/ml
LPS for 48 h. Hoechst staining alone is shown in (B) and (D).
Transfected neurons were identified by cotransfection with the
red siRNA marker (red spots in cells). Arrows indicate typical
neuronal processes. Arrowheads depict increases in chromatin
condensation. Scale bar: 15 lm. Cells shown were fixed and
mounted. (E) Cell death quantification in nontransfected neu-
rons (NT) or transfected with control siRNA (CTRL) or with
siRNA against TRPM7 (TRPM7) in the presence (filled bars) or
absence (empty bars) of LPS, obtained from independent ex-
periments such as those depicted in (A–D). Values represent
the percentage of the cells with nuclear chromatin condensation
detected using Hoechst in either nontreated or transfected cells
(red). Graph bars show the mean – SD (n = 3). Six to 10 random
areas/experiment were assessed. Numbers in bars denotes the
total number of cells assessed in each condition. Statistical
differences were assessed by one-way ANOVA (Kruskal–
Wallis) followed by Dunns post hoc test. **p < 0.01 against NT
cells or CTRL cells in the presence of LPS. NS, nonsignificant.
(To see this illustration in color the reader is referred to the web
version of this article at www.liebertonline.com/ars).

FIG. 9. siRNA against TRPM7 protects primary neurons
from LPS-induced cell death. (A–D) Representative images
of phase-contrast and Hoechst staining from experiments of
primary neurons exposed to 20 lg/ml LPS for 48 h that were
transfected with control siRNA (siCTRL) or with siRNA
against TRPM7 (siTRPM7). Hoechst staining alone is shown
in (B and D). Transfected primary neurons were identified
by cotransfection with the red siRNA marker (red spots in
cells). Arrows indicate typical neuronal processes. Arrowheads
depict increases in chromatin condensation. Scale bar: 15 lm.
Cells shown were fixed and mounted. (E) Cell death quan-
tification in primary neurons that were not transfected (NT),
transfected with control siRNA (CTRL), or with siRNA
against TRPM7 (siTRPM7) in the presence (filled bars) or
absence (empty bars) of LPS. Cells were obtained from in-
dependent experiments such as those depicted in (B–E).
Values represent the percentage of cells with nuclear chro-
matin condensation detected using Hoechst in either NT or
transfected cells (red). Graph bars show the mean – SD
(N = 3). Six to 10 random areas/experiment were assessed.
Numbers in bars denotes the total number of cells assessed in
each condition. Statistical differences were assessed by one-
way ANOVA (Kruskal–Wallis) followed by Dunns post hoc
test. **p < 0.01 compared with NT cells or CTRL cells in the
presence of LPS. NS, nonsignificant. (To see this illustration
in color the reader is referred to the web version of this article
at www.liebertonline.com/ars).
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As shown in Figure 10, NT cells and cells transfected with
siCTRL showed an increase in annexin V-FITC fluorescence
when exposed to LPS (Fig. 10A, B compared with D, E).
However, cells transfected with siTRPM7 failed to increase in
fluorescence when LPS was present (Fig. 10C compared with
10F), suggesting that TRPM7 was involved in LPS-induced
neuronal death. Note that only transfected cells were evalu-
ated. The experiments shown in Figure 10A–F are summa-
rized in Figure 10E.

Next, we studied annexin V-FITC incorporation in HPNs
using microscopy. To obtain a more pure HPN culture than
the one used in the Hoechst staining experiments, we used a
different protocol, achieving a culture containing over 90% of

FIG. 10. siRNA against TRPM7 protects neurons from
LPS-induced apoptotic cell death. Representative annexin
V-FITC fluorescence histograms (A–F) from separate exper-
iments of differentiated PC12 neurons cultured in the ab-
sence (A–C) or presence (D–F) of 20 lg/ml LPS for 48 h after
being either NT (A, D), transfected with siRNA control
(siCTRL) (B, E), or transfected with siRNA against TRPM7
(siTRPM7) (C, F). Data obtained from experiments such as
those depicted in the histograms above are summarized in
(G), showing cells in absence (open bars) or presence (closed
bars) of LPS. Statistical differences were assessed by one-way
ANOVA (Kruskal–Wallis) followed by Dunns post hoc test.
**p < 0.01 against 0 lg/ml LPS. Graph bars show the per-
centage (mean – SD) of cells within the P1 population of an-
nexin V-FITC (N = 4).

FIG. 11. siRNA against TRPM7 protects primary neurons
from LPS-induced apoptotic cell death. (A–D) Re-
presentative images of phase-contrast and annexin V-FITC
incorporation from experiments of HPNs exposed to 20lg/ml
LPS for 48 h after transfection with control siRNA (siCTRL)
(A, B) or with siRNA against TRPM7 (siTRPM7) (C, D).
Transfected HPNs were identified by cotransfection with the
red siRNA marker (red spots in cells). Arrows indicate typical
neuronal processes. Arrowheads depict increases in chromatin
condensation. Scale bar: 15 lm. Cells shown were fixed and
mounted. (E) Cell death quantification as determined by
annexin V-FITC positive cells in HPNs that were not trans-
fected (NT), transfected with siCTRL, or transfected with
siTRPM7 in the presence (filled bars) or absence (empty bars)
of LPS, obtained from independent experiments such as
those depicted in (A–D). Values represent the percentage of
annexin V-FITC positive cells of total cells (green) in either
NT or transfected cells (red). Graphs show the mean – SD
(n = 3). Six to 10 random areas/experiment were assessed.
Numbers in bars denote the total number of cells assessed in
each condition. Statistical differences were assessed by one-
way ANOVA (Kruskal–Wallis) followed by Dunns post hoc
test. **: p < 0.01 compared with NT cells or CTRL cells in the
presence of LPS. NS, nonsignificant. (To see this illustration
in color, the reader is referred to the web version of this
article at www.liebertonline.com/ars).
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neurons. Similar to the Hoechst staining experiments, we
examined only transfected cells indicated by the siRNA
reporter (red). HPNs exposed to LPS showed a significant
increase in neuronal cell death as measured by annexin V-
FITC fluorescence (Fig. 11E, NT [empty bars compared with
filled bars]), confirming the results obtained in differentiated
PC12 neurons (Fig. 10). Next, HPNs were transfected with ei-
ther siCTRL or siTRPM7, and cell death was evaluated. In these
experiments, we observed that cell death was significantly in-
creased in neurons which were transfected with siCTRL (Fig.
11A, B, E), as indicated by double positive staining for both red
(siRNA reporter) and green (annexin V-FITC) and evident cell
damage. However, HPNs transfected with siTRPM7 were re-
sistant to LPS-induced detriment, showing only red labeling
without green staining (Fig. 11C–E).

Discussion

Our data show that LPS is able to induce neuronal cell
death in the absence of glial cells. Previous work has sug-
gested that neuronal cell death observed after LPS exposure
was related mainly to the activation of glial-related cells (40);
however, since our experiments were conducted in a pure
neuronal cell line (PC12 cells), the participation of other cell
types in the process is not likely. In this scenario, the cell death
seen in PC12 neurons after LPS exposure should be mediated
in a cell-autonomous mechanism. Indeed, differentiated PC12
neurons express the LPS receptor, TLR-4, at the mRNA and
protein levels, confirming that TLR-4 is expressed in neurons
as has been reported by several independent groups (4, 36, 43,
57, 58, 62). In agreement with our data, it also has been re-
ported that LPS can induce neuronal cell death directly (4, 25,
65). However, the mechanism involved in LPS-induced neu-
ronal cell death has not been defined. It has been reported that
exposure to LPS induces an increase in oxidative stress (18, 41,
51). This is also the case in our cell model, where an increase in
overall ROS and, particularly, superoxide anions was de-
tected after LPS exposure. Further, PKC, PLC, and PI3-K are
involved in LPS-induced neuronal death, possibly as
NAD(P)H oxidase activators rather than via effects on cell
proliferation or apoptotic cell death. Our data show that DPI
and apocynin exhibit an inhibitory effect, thus suggesting
NAD(P)H oxidase participation. Nevertheless, caution
should be taken, because DPI is a generic flavoprotein in-
hibitor, and recent data show that apocynin may act as a ROS
scavenger instead of an NAD(P)H oxidase inhibitor in vas-
cular cells (17).

Although ROS by itself is sufficient to alter cellular ho-
meostasis and may explain the cell death phenotype observed
(16, 23), in light of ample evidence showing that intracellular
ROS has a number of effects on cellular physiology as well (10),
we attempted to further define the mechanism involved in this
process. The cell death process requires the activity of specific
ion channels implicated in cell volume regulation and calcium
homeostasis. Mounting evidence shows that a number of ion
channels activities are modulated by ROS and participate in
different cell death processes (15). Interestingly, in many cases,
the inhibition of the activity of these ion channels protects
against ROS-induced cell death, suggesting that ROS alone is
not ultimately responsible for the process (9, 14, 15, 52).

Our data show that PC12 neurons display an altered cal-
cium homeostasis, evidenced as a calcium overload, in re-

sponse to LPS, suggesting the participation of calcium
channels in our experimental model. Most cells exhibit ion
channel activity, which is broadly defined as nonselective
cation conductances (15), and many of these channels are
activated by ROS. Our data show that generic inhibitors of
these channels are able to reduce the effect of LPS on neuron
viability. These data are in agreement with that obtained from
other models, such as hepatocyte cell lines, in which blocking
NSCC activity protects against ROS-induced cell death (5).
Many of these NSCC activities have been identified at the
genomic level, and a number of them belong to the TRP
protein superfamily (13, 37, 60). Many of the TRP protein ion
channels activities are positively modulated by ROS (15), but
also it has been shown that ROS modulate these proteins at
the gene expression level as has been shown for other genes
(12, 22, 26, 44, 47, 50, 55). To explore this possibility, we
identified candidate TRP channels that are modulated by
ROS, involved in cell death, and able to permeate calcium or
modulate calcium homeostasis. Therefore, we evaluated the
expression of the TRPM4, TRPM2, and TRPM7 members of
the TRP family after LPS exposure and found a significant
increase in the expression of TRPM7. A large amount of evi-
dence supports the idea that TRPM7 is linked to oxidative
stress-induced neuron injury (1, 35, 56), and since TRPM7
channels have nonselective conductance of Ca2 + and Mg2 +

(39, 45), they could be responsible for the calcium overload
observed in our model. Thus, we would expect a significant
increase in TRPM7 current triggered by LPS. Further experi-
ments are necessary to elucidate this possibility.

Our data also show that LPS-induced TRPM7 over-
expression is TLR4-dependent ROS production and is also
mimicked by ROS exposure. Previous work has shown that
TRPM7 expression can be increased by oxidative stress in
monocytes (63) and by hypoxia-reperfusion in hippocampal
neurons (21). Since hypoxia-reperfusion may produce ROS in
the reperfusion step, it is likely that ROS are also the mecha-
nism underlying TRPM7 overexpression in this model. To
further study whether TRPM7 overexpression was necessary
for LPS-induced neurotoxicity, we assessed cell death in PC12
and hippocampal neurons where TRPM7 expression has been
knocked down with an siRNA. These experiments showed
that TRPM7 overexpression is necessary for the effect of LPS
in neuronal cell death.

In conclusion, our data establish ROS and TRPM7 as me-
diators of neuronal cell death and show that this pathway plays
a critical role in LPS-induced neuronal death. These findings
could serve as a basis for the development of novel neuro-
protective agents for the treatment of sepsis and possibly other
neurodegenerative disorders in which alterations in cellular
Ca2 + homeostasis constitute a key pathophysiological factor.

Materials and Methods

PC12 cell culture

Rat pheochromocytoma PC12 cells (from American Type
Culture Collection) were cultured in Dulbecco’s modified
Eagle’s medium (DMEM) supplemented with heat-
inactivated 10% horse serum, 5% fetal bovine serum (FBS), 50
units/ml penicillin, and 100 mg/ml streptomycin (Invitro-
gen). Differentiated PC12 neurons were obtained by plating
cells into poly-l-lysine-coated dishes in the presence of 50 ng/
ml NGF (Sigma-Aldrich) for a period of 5 days in DMEM
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supplemented with 1% heat-inactivated horse serum and 1%
FBS. The differentiation process was determined as described
in Supplementary Figure S1 (Supplementary Data are avail-
able online at www.liebertonline.com/ars).

Primary neuronal culture

Primary neuronal cultures were obtained from neonate
brains of Sprague-Dawley rats (1–3 days old or £ 24 h old)
following institutionally approved procedures. Hippocampi
were dissected in ice-cold Hank’s buffer from neonate brains,
and the collected tissue was incubated in 1.25% trypsin for
10 min at 37�C. Trypsin was deactivated by adding 10% bo-
vine serum in minimum essential medium (MEM). The tissue
was mechanically dissociated in MEM plus 10% FBS imme-
diately through a fire-polished Pasteur pipette. A neuronal
fraction was obtained by centrifugation of the dissociated
brain cells in a density gradient prepared with Optiprep� and
neurobasal medium supplemented with B27 (Neurobasal/
B27) (Invitrogen), according to the instructions described by
Brewer and Torricelli (6). The neuronal fraction was collected,
washed twice with Neurobasal/B27, then plated on poly-l-
lysine (Sigma-Aldrich) coated coverslips, and maintained at
37�C in a humidified atmosphere with 5% CO2/95% air.
Hippocampi collected from rats £ 24 h old were also treated
with 5 lM of an equimolar mixture of uridine bioreagent
(Sigma-Aldrich) and 5-fluoro-2¢-deoxyuridine (Sigma-
Aldrich) to suppress the growth of glial cells. Both procedures
allowed us to obtain highly enriched neuronal cultures while
avoiding the use of the antimitotic agent arabinoside cytosine
and the concomitant culture toxicity reported by Ahlemeyer
and Baumgart-Vogt (2). To quantify the neuronal enrichment
provided by this procedure, neurons were immunodetected
with an antibody directed against the microtubule-associated
proteins 2 A and B (anti-MAP2A/2B; Millipore), and glial
cells were visualized simultaneously using an antibody
against the glial fibrillary acidic protein (anti-GFAP; Dako).
Under standard culture conditions, the neuron/astrocyte ra-
tio was less than 1:1 (2300 counted cells), whereas density
gradient separation rendered a ratio that was increased*70%
(*3:1) or > 90% ( > 10:1) for hippocampi from rats 1–3 days
old or 24 h old, respectively (Supplementary Fig. S2).

Cell death determination

MTT assay and LDH release. After the treatments had
been performed, cells were coincubated with anhydrous MTT
(0.5 mg/ml) for 4 h and then solubilized with an isopropanol/
DMSO solution. The optical density value was measured at
540 nm. Data were expressed as percentage of cell death. LDH
release was defined as the ratio of LDH activity in the medium
to LDH activity observed after total cell death, according to
the manufacturer’s protocol (Roche Boehringer-Mannheim)
and was expressed as a percentage of total LDH release.

Hoechst staining and annexin V-FITC incorporation. After
LPS treatment, cells were incubated with Hoechst 33342
(Molecular probes, Invitrogen) or annexin V-FITC (BD
Pharmingen�) according to the manufacturer’s protocol.
Then cells were washed twice with phosphate-buffered saline
(PBS) and fixed using PFA (3.7%) for 15 min at room tem-
perature. Fixed cells were mounted and visualized with a

confocal microscope (Olympus). Transfected cells were
identified by red labeling (red-labeled siRNA).

In Hoechst staining experiments, both healthy and dead
cells showed double labeling from the transfection indicator
(red) and Hoechst stain (blue); however, dead cells showed
blue nuclear spots (condensed chromatin) whereas healthy
cells did not. The cell death score (Hoechst-positive cells/to-
tal) was determined by counting only the transfected cells and
determining how many of them were Hoechst-positive (with
condensed chromatin present).

In annexin V-FITC incorporation experiments by micros-
copy, dead cells exhibited green and red (siRNA reporter)
labeling, whereas healthy cells showed a red mark only. The
cell death score (annexin V-FITC-positive cells/total) was
determined by counting only the transfected cells and deter-
mining how many of them were green (annexin V-FITC-
positive).

In annexin V-FITC incorporation experiments by flow cy-
tometry, after LPS treatment, cells were harvested with
trypsin/EDTA, washed twice in ice-cold PBS, resuspended in
annexin V-FITC, and incubated for 15–30 min at room tem-
perature in the dark. Then, cells were analyzed immediately
using flow cytometry (FACSCanto; BD Biosciences). Cells
were cotransfected with siRNATRPM7 and siRNAred as a re-
porter. Then, annexin V-FITC incorporation was measured in
the FL-1 channel (*483 nm), whereas fluorescence from the
siRNA reporter (siRNA-red) was simultaneously detected in
the FL-3 channel ( > 545 nm). Using the FACSDiva software, a
population of red-positive cells (transfected cells) was de-
fined, these cells were analyzed for annexin V-FITC incorpo-
ration. A minimum of 10,000 cells/sample were analyzed.
Cellular dye intensity analysis was performed using FACS-
Diva software v4.1.1 (BD Biosciences).

qPCR and retrotranscriptase-PCR

Assays were run using a Rotor-gene system instrument
(Corbet Research). Total RNA was extracted with TRIzol
(Invitrogen) according to the manufacturer’s protocol. DNAse
I-treated RNA was used for reverse transcription with the
Super Script II Kit (Invitrogen). Equal amounts of RNA were
used as templates in each reaction. qPCR was performed
using SYBR Green PCR Master Mix (AB Applied Biosystems).
Data are presented as relative mRNA levels of the gene of
interest normalized to relative GADPH mRNA levels. Primer
sequence and PCR conditions are provided in the Supple-
mentary Data. Total RNA obtained from rat brains was used
as a positive control (PC) for TRPM7. As negative controls,
reactions were also conducted using samples devoid of tem-
plate. The amplified products were separated on a 2% agarose
gel, which was subsequently stained with ethidium bromide
(Sigma-Aldrich) and photographed under UV illumination.
Images were acquired with a digital camera.

Western blot

Cells exposed to LPS were lysed, and protein extracts were
subjected to 10% SDS-PAGE. Resolved proteins were trans-
ferred to a nitrocellulose membrane and blocked using 5%
nonfat milk in TBS-T 1% at pH 7.4. Then, membranes were
incubated first with goat anti-TRPM7 antibody (Abcam),
washed, and then incubated with a horseradish peroxidase-
conjugated rabbit anti-goat IgG secondary antibody (Abcam).
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Peroxidase activity was detected through enhanced chemi-
luminescence (Sigma-Aldrich). TRPM7 protein content was
determined by densitometric scanning of immunoreactive
bands, and intensity values were obtained by densitometry of
individual bands compared with tubulin (Sigma). For TLR-4,
a Santa Cruz antibody was used. All experiments were nor-
malized against the vehicle-stimulated condition. Procedural
details are provided in the Supplementary Data.

Measurement of ROS production and [Ca2 + ]
by flow cytometry

Differentiated PC12 cells were plated and treated with
20 lg/ml LPS for 48 h. Cells were harvested with trypsin/
EDTA, washed twice in ice-cold PBS, resuspended, and loa-
ded with the following cell permeant dyes: for ROS mea-
surements, either 5 lM DCF or 10 lM DHE and for Ca2 +

determination, either 5 lM Fluo-3 or 15 lM Fura-Red (all from
Invitrogen) for 15–30 min at room temperature in the dark.
The labeled cells were then analyzed immediately by flow
cytometry (FACSCanto; BD Biosciences). Cells were co-
transfected (with siRNATRPM7 and siRNAred as a reporter).
Experiments were performed, and then intracellular calcium
levels were measured using Fluo-3 dye, which is detected in
the FL-1 channel (*483 nm); whereas fluorescence from the
siRNA reporter (siRNA-red), which is detected in the FL-3
channel ( > 545 nm), was recorded simultaneously. Using the
FACSDiva software, a population of red-positive cells
(transfected cells) was defined, and calcium levels for this
population were analyzed. A minimum of 10,000 cells/sam-
ple were analyzed. Cellular dye intensity analysis was per-
formed using FACSDiva software v4.1.1 (BD Biosciences).

Small interfering RNA against TRPM7
and transfections

SiRNA against rat TRPM7 (siTRPM7) was purchased from
Dharmacon, and the siRNA sequence is as follows: siR-
NATRPM7: 5¢-GAGAAAAGAUCCUGCGACAUU-3¢. Red
siRNA (siRNARed) was used as a transfection indicator, and
nontargeting siRNA was used as a control (Dharmacon).
Briefly, PC12 cells were plated overnight in 24-well plates and
then differentiated using 50 ng/ml NGF for 5 days. Two days
after NGF addition, cells were transfected with 5 nM siRNA
(at a ratio of siTRPM7:siRNARed equal to 10:1) using Lipo-
fectamine 2000 transfection reagent (Invitrogen) according to
the manufacturer’s protocol in serum-free medium for 6 h.
Primary neurons were plated for 5 days and then transfected
with 5 nM siRNA using Lipofectamine 2000 transfection re-
agent in serum-free medium for 6 h. Experiments were per-
formed 3–4 days after transfection.

Reagents

LPS from E. coli was purchased from Sigma (0127:B8). Di-
pheniliodonium, Chelerythrine, U73122, and Ly424002 were
purchased from Calbiochem. DTT, apocynin, and H2O2 were
purchased from Sigma. Buffers and salts were purchased
from Merck Biosciences (Darmstadt).

Data analysis

All results are presented as mean – SD from three or more
independent experiments. ANOVA followed by Bonferroni

or Dunn’s post hoc tests and Student’s t-test were used. The
significance level was set at p < 0.05.
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Abbreviations Used

AP-1¼ activator protein-1
Apo¼ apocynin
DCF¼dichlorodihydrofluorescein
DHE¼diacetate dihydroethidium

DMEM¼Dulbecco’s modified Eagle’s medium
DPI¼diphenyleneiodonium sulfate

DTT¼dithiothreitol
FACS¼fluorescence-activated cell sorter

FBS¼ fetal bovine serum
H2O2¼hydrogen peroxide
HEK¼human embryonic kidney

HIF-1¼hypoxia-inducible factor-1
HPN¼hippocampal primary neuron

ICAM-1¼ intercellular adhesion molecule-1
LDH¼ lactate dehydrogenase
LPS¼ lipopolysaccharide

MEM¼minimum essential medium
MTT¼ 3-(4,5-dimethylthiazol-2-yl)-2,5-

diphenyltetrazolium bromide
NGF¼nerve growth factor

NSCC¼nonselective cationic channel
PBS¼phosphate-buffered saline

PI3-K¼phosphoinositide 3-kinase
PKC¼protein kinase C
PLC¼phospholipase C
ROS¼ reactive oxygen species

siRNA¼ small interference RNA
TLR-4¼Toll-like receptor-4

TRP¼ transient receptor potential
TRPM7¼ transient receptor potential melastatin 7

VCAM-1¼vascular cell adhesion molecule-1
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