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Abstract

a7 Nicotinic receptors are calcium permeant and provide

neuroprotection against many insults. We investigated the

roles of intracellular calcium ions and downstream calcium

channels in this protection. The a7 agonist GTS-21 pre-

vented pheochromocytoma cell death induced by nerve

growth factor + serum deprivation over a 3-day interval.

This effect was blocked by the intracellular calcium chelator

1,2-bis(2-aminophenoxy)ethane-N,N,N ¢,N ¢-tetraacetic acid in

a manner that did not appear to involve changes in receptor

density. 1,2-Bis(2-aminophenoxy)ethane-N,N,N ¢,N ¢-tetraace-

tic acid blocked GTS-21-induced protein kinase C activation,

a necessary process for protection. The insositol triphos-

phate calcium-channel blocker xestospongin C and the

phospholipases C inhibitor U-73122 blocked protection,

ryanodine partially attenuated protection, but the L-type

channel antagonist nifedipine had no effect. ERK1/2 but not

JNK and p38 were activated by GTS-21, and the ERK

phosphorylation inhibitors PD98059 and U0126 blocked

protection.
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Brain a7 nicotinic receptors are calcium-permeant channels
(Seguela et al. 1993) that influence memory-related behav-
iors (Briggs et al. 1997; Meyer et al. 1998b; Bettany and
Levin 2001; Woodruff-Pak 2003) and are found in high
concentrations in hippocampus, neocortex and other regions
associated with learning and memory (Marks and Collins
1982). Selective a7 receptor agonists such as GTS-21 have
been developed as potential therapeutic agents for Alzhei-
mer’s disease and other neuropathological conditions
(Kitagawa et al. 2003). These agents also appear to be
neuroprotective, adding to their potential value for treating
these disorders. However, the mechanisms underlying their
cytoprotective effects are only beginning to be elucidated.

a7 Nicotinic receptor-induced neuroprotection has been
demonstrated in models that are apoptotic, at least in part:
trophic factor deprivation (Li et al. 1999; Jonnala and
Buccafusco 2001), glutamate-induced excitotoxicity in pri-
mary rat brain neuronal cultures (Shimohama et al. 1998),
Abeta amyloid exposure in neurons and cell lines (Kihara
et al. 2001), and ethanol toxicity in primary neuronal
cultures and PC12 cells (Li et al. 2002). Neuroprotection

from ischemic damage (Shimohama et al. 1998) and lesions
(Martin et al. 1994; Meyer et al. 1998a) has also been
reported with GTS-21 in vivo. Even indirect activation of a7
nicotinic receptors by blocking cholinesterase activity is
sufficient for protection (Jonnala and Buccafusco 2001).

GTS-21 and other a7 agonists increase intracellular
calcium concentrations (Gueorguiev et al. 2000; Li et al.
2002) and activate the calcium-sensitive transduction
processes protein kinase A (PKA; Dajas-Bailador et al.
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2002b) and protein kinase C (PKC; Li et al. 1999), inositol
triphosphate (InsP3) kinase (Kihara et al. 2001), ERK
(Dajas-Bailador et al. 2002b; Bell et al. 2004), and janus
kinase (JNK; Salehi et al. 2004). PKC (Li et al. 1999), InsP3

kinase (Kihara et al. 2001) and JNK (Salehi et al. 2004) are
essential for a7-mediated protection against one or more
apoptotic insults, whereas the roles of the other kinase
pathways have not been studied. This protection through
calcium-sensitive kinases suggests a protective role for the
increased intracellular calcium ion concentrations seen
following treatment with a7 agonists. We tested this hypo-
thesis by investigating the effects of intracellular calcium ion
chelation on both protection and PKC activation in nerve
growth factor (NGF)-differentiated rat pheochromocytoma
(PC12) cells. These cells express a7 receptors, undergo
apoptosis following NGF removal, and provide a model for
the dysfunction of ascending basal forebrain neurons associ-
ated with decreased NGF transport seen in Down’s syndrome
and Alzheimer’s disease (Kerwin et al. 1992; Scott et al.
1995; Cooper et al. 2001; Salehi et al. 2004).

Activation of a7 receptors can increase calcium accumu-
lation both directly and through activation of downstream
L-type voltage sensitive channels, InsP3 channels, and
ryanodine channels (Vijayaraghavan et al. 1992; Gueorguiev
et al. 2000; Shoop et al. 2001; Dajas-Bailador et al. 2002a),
analogous to what is seen with metabotropic glutamate
receptors (Fagni et al. 2000). Blocking InsP3 channels with
xestospongin C attenuates the long-term increase in calcium
accumulation following a7-receptor activation almost com-
pletely in PC12 cells (Gueorguiev et al. 2000). Analysis of
the calcium elevations triggered by nicotine in SH-SY5Y
cells indicated that xestospongin C-sensitive InsP3 channel
activation appeared to be more important than nifedipine-
sensitive L-type channels or ryanodine-sensitive channels for
the long-term effects of a7 receptors (Dajas-Bailador et al.
2002a). We therefore hypothesized that these three channels
may be differentially important for the long-term cytopro-
tective actions of a7 receptors, which we also tested in PC12
cells that express each of these calcium channels (Gafni et al.
1997; Tully and Treistman 2004). Finally, this study
evaluated the role of the calcium-sensitive MAP kinases
ERK1/2, p38, and JNK in the a7 receptor-mediated neuro-
protection, because they are also differentially involved in
the cytoprotective effects of other anti-apoptotic agents
(Hetman and Xia 2000; Hsu et al. 2005; Kyosseva 2004).

Materials and methods

Cell culture

Rat PC12 cells (American Type Culture Collection, Rockville, MD,

USA) were cultured and maintained as described previously at 37�C
in a humidified atmosphere of 5% CO2 (Li et al. 1999). They were

split at a 1 : 4 ratio every 4 days for up to eight passages until the

initiation of differentiation with 50 ng/mL of mouse submandibular

NGF. One week later, the medium was replaced with serum-free

medium with or without 50 ng/mL NGF. 1,2-Bis(2-aminophen-

oxy)ethane-N,N,N¢,N¢-tetraacetic acid (BAPTA-AM, final concen-

tration 10 lM; Molecular Probes Eugene, OR, USA), nifedipine

(500 nM; Sigma, St. Louis, MO, USA), xestospongin C (10 lM;
Calbiochem, San Diego, CA, USA), ryanodine (10 lM, Sigma),

PD98059 (10 lM, Calbiochem), U0126 (10 lM, Cell Signaling,

Beverly, MA, USA), U-73122 (10 lM, Calbiochem), methyllyca-

conitine (MLA; 100 nM; RBI, South Natick, MA, USA), were added

at specified time points in 100 lL sterile water immediately after

medium replacement. GTS-21 (10 lM) was added in 50 lL sterile

water. Three days after NGF + serum removal, five random

photographs were taken in each plate with a Nikon microscope

and analyzed in a blinded manner for cell density using the NIH

IMAGE 1.55 program.

PKC assay

Total PKC activity was measured in membrane and soluble fractions

of cell lysates obtained by probe sonication (100 W for 20 s) using a

kit purchased from Amersham (Arlington Heights, IL, USA), which

was based on the phorbol-stimulated, PKC-catalyzed transfer of

[32P] from gamma-[32P]ATP to a PKC-selective peptide (Li et al.
1999). Values were expressed as the ratio of membrane/soluble PKC

activity to reflect activation of the enzyme that occurs upon

translocation to membrane binding sites.

[3H]MLA binding

Nicotine-displaceable, high-affinity [3H]MLA binding was meas-

ured as described previously (Davies et al. 1999). Cells were

homogenized in 1 mL of ice-cold Krebs Ringer (KR) buffer (in mM:

118 NaCl, 5 KCl, 10 glucose, 1 MgCl2, 2.5 CaCl2, 20 HEPES;

pH 7.5) with a Polytron (setting 4 for 15 s). After two 1 mL washes

at 20 000 g with KR, membranes (0.2–0.3 mg protein) were

incubated in 0.5 mL KR with 2–30 nM [3H]MLA (Tocris, Bristol,

UK) for 60 min at 4�C, plus or minus 5 mM (–)nicotine (Sigma).

Tissues were washed three times with 5 mL cold KR buffer by

filtration through Whatman GF/C filters that were pre-incubated for

30 min with 0.5% polyethylenimine. They were assayed for

radioactivity using liquid scintillation counting in a Beckman

LS1800 scintillation counter. Nicotine-displaceable binding was

calculated for each MLA concentration in triplicate in each

experiment; the resulting Bmax values were calculated from

Scatchard plots using PRISM to determine the x-intercept.

MAP kinase phosphorylation

NGF-differentiated PC12 cells were incubated for 5 or 180 min with

1–10 lM GTS-21, 100 nM MLA, or both drugs. They were assayed

by western blot for phosphorylation of ERK1/2, JNK and p38

according to the manufacturer’s instructions (Promega, Madison,

WI, USA). Cells were sonicated in 20 mM Tris pH 7.4, 150 mM

NaCl, 1% sodium dodecyl sulfate (SDS), 5 mM EDTA, 5 mM

EGTA, 1 lg/mL each of aprotinin, pepstatin A and leupeptin,

1 mM sodium orthovanadate, 25 mM NaF, and 5 mM sodium

pyrophosphate. Sodium dodecyl sulfate–polyacrylamide gel elec-

trophoresis (SDS–PAGE) was conducted with 10 lg of sample

protein in 12% polyacrylamide Bio-Rad Ready Gels, and samples

were transferred to nitrocellulose membranes. Immunoblotting was
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conducted with primary antibodies for phospho-ERK1/2 (1 : 5000),

phospho-JNK (1 : 5000), or phospho-p38 (1: 2000). Secondary

antibody was donkey anti-rabbit IgG (1 : 5000). Bands were

assayed by chemiluminescence using Western Blotting Luminol

Reagent (Santa Cruz Biotechnology) and quantified with an IBM-

based image-analysis system using National Institutes of Health

(Bethesda, MD) IMAGE software. The average mean absorbance for

each group was calculated, and results are expressed as a percent of

the untreated control value for the same time interval.

Statistical analysis

Comparisons between single treatment groups and their respective

control values were conducted with the Student’s t-test (two way).

When multiple treatment groups were compared with the same

control value or when multiple types of controls were compared

with a single treatment, one-way analysis of variance (ANOVA) was

used.

Results

Removal of NGF + serum reduced cell density over the
3-day interval compared with cells maintained in NGF-
containing serum-free medium (Fig. 1). Treatment with
BAPTA (10 lM) had no effect on cell survival in the absence
of NGF, although it blocked the cytoprotective action of
10 lM GTS-21 (Fig. 1) when added 30 min prior to or
30 min after the receptor agonist. BAPTA at this concentra-
tion had no effect on cell survival in the presence of NGF
(cell density: 110 ± 5%, mean ± SEM, of NGF-treated
group; N ¼ 3 plates). MLA blocked the GTS-21-induced
protection when added at both time points (Fig. 1), as did
pre-treatment with 50 nM a-bungarotoxin, a a7 receptor
blocker with a much slower on-rate than MLA (not shown).

None of the treatments affected the Kd for high-affinity
MLA binding to a7 receptors (range: 1.6–2.3 nM). Removal
of NGF + serum reduced the density of a7 receptors over the
3-day, but not 30-min, interval (Table 1); this reduction was
not seen with the addition of 50 ng/mL NGF. Addition of
BAPTA to the NGF + serum-deprived medium had no acute
effect on a7 nicotinic receptor binding density, but modestly
increased density over the 3-day interval compared with cells
without the chelator. Neither GTS-21 nor GTS-21 + BAPTA
preserved receptor density in this manner. BAPTA also
blocked the concentration-dependent, GTS-21-induced, ele-
vation in PKC membrane translocation seen in these cells at
15 min post drug treatment (Fig. 2).

The voltage-sensitive L-type calcium-channel blocker
nifedipine had no effect on cell viability when applied alone
or with GTS-21 (Fig. 3). Ryanodine partially attenuated the
GTS-21-induced protection, also without a direct effect
alone, indicating that only some cells appeared to depend on
this channel activation for survival in this model. Xesto-
spongin C, the InsP3 channel antagonist, and U-73122, the
phospholipase C inhibitor, completely blocked a7 receptor-
mediated protection without affecting cell density.

ERK1/2-phosphorylation was increased by neuroprotec-
tive concentrations of GTS-21 within 5 min, and this effect
increased by 3 h (Fig. 4). p38- and JNK-phosphorylation
were unaffected by GTS-21 at either time interval (Fig. 4).
The effect of GTS-21 on ERK1/2 phosphorylation was
concentration dependent and blocked by MLA, demonstra-
ting the role of a7 receptors (Fig. 5). Finally, GTS-21-
mediated neuroprotection was blocked by pre-treatment with
the PKC blocker BIM or the ERK1/2 blockers UO126 and
PD98059 (Fig. 6).

Fig. 1 Effects of intracellular calcium chelation on GTS-21-induced

protection of PC12 cells during trophic factor deprivation. Cells were

differentiated for 7 days with 50 ng/mL mouse NGF and then exposed

to serum-free medium containing either 50 ng/mL NGF (positive

control), BAPTA-AM (10 lM), GTS-21, or MLA (100 nM). BAPTA-AM

and MLA were added 30 min before (pre-treatment) or 30 min after

(post-treatment) the GTS-21. Cell density was measured 3 days later

and expressed as the mean ± SEM of 6–8 plates per group from three

experiments, normalized to the NGF-treated values for each experi-

ment. *p < 0.05 compared with untreated group (one-way ANOVA).

Table 1 Effects of BAPTA and GTS-21 on a7 receptor binding density

in PC12 cells

Treatment

High-affinity

MLA binding

(Bmax in fmol/mg protein)

30 min 3 days

NGF + serum removal 152 ± 11 107 ± 10#

+ NGF (50 ng/mL) 165 ± 18 172 ± 15*

+ BAPTA (10 lM) 167 ± 13 144 ± 13*

+ GTS-21 (10 lM) 155 ± 17 101 ± 14#

+ BAPTA + GTS-21 172 ± 16 98 ± 12#

PC12 cells were treated differentiated for 7 days with 50 ng/mL NGF

and then exposed to NGF + serum withdrawal. Specified concentra-

tions of NGF, BAPTA, or GTS-21 were added and high-affinity

[3H]MLA was measured 30 min or 3 days later as described in the

text. Each value is the mean ± SEM of three samples, each assayed

in duplicate.

*p < 0.05 compared with the same time point, no drug-treatment (one-

way ANOVA); #p < 0.05 compared to 30 min interval, same treatment.

928 Ke Ren et al.

� 2005 International Society for Neurochemistry, J. Neurochem. (2005) 94, 926–933



Discussion

Previous studies have demonstrated GTS-21-induced cal-
cium elevations (Gueorguiev et al. 2000; Li et al. 2002) and

have suggested the importance of multiple calcium-activated
processes for a7 receptor-induced neuroprotection (Li et al.
1999; Kihara et al. 2001; Dajas-Bailador et al. 2002b; Bell
et al. 2004; Salehi et al. 2004). These results show for the
first time that chelation of intracellular calcium ions
blocks GTS-21-induced, a7-mediated neuroprotection, dem-
onstrating a direct role for these divalent cations in the

Fig. 2 Effects of intracellular calcium chelation on PKC activation by

GTS-21 in PC12 cells. Cells were differentiated as in Fig. 1 and sim-

ultaneously exposed to serum and NGF removal, as well as to spe-

cified concentrations of GTS-21 in the presence or absence of 10 lM

BAPTA-AM. Fifteen minutes later, cells were fractionated to mem-

brane and soluble portions, each of which was assayed for phorbol-

stimulated PKC activity per mg protein. Values are expressed as the

ratios of membrane/soluble PKC activity; N ¼ 6 plates/group from

three separate experiments. *p < 0.05 compared with the BAPTA-

treated group, same GTS-21 concentration (Student’s t-test).

Fig. 3 Effects of calcium channel antagonists on GTS-21-induced

cytoprotection in NGF-deprived PC12 cells. Cells, differentiated as in

Fig. 1, were treated with 10 lM GTS-21 immediately after NGF + serum

removal, with or without 10 lM ryanodine, 10 lM xestospongin C, 10 lM

U-73122, or 500 nM nifedipine. Each value is the mean ± SEM of 6–8

plates/group from three separate experiments. *p < 0.05 compared with

the same treatment without GTS-21; #p < 0.05 compared with GTS-21

only treatment group (one-way ANOVA).

Fig. 4 Effects of GTS-21 on the phosphorylation of several MAP

kinases in PC12 cells. Cells, differentiated as in Fig. 1, were treated

with 10 lM GTS-21 for the specified interval upon removal of the NGF

+ serum. Whole-cell extracts were assayed for phospho-ERK1/2,

phospho-JNK and phospho-p38 by western blotting and expressed as

the mean ± SEM of four samples/group, normalized to the 5 min

control value for that experiment. Each gel contained two lanes from

the same 5 min control sample that were averaged and used for

normalization. *p < 0.05 compared with controls from same time point

(one-way ANOVA).

Fig. 5 MLA blocks the ERK1/2 phosphorylation triggered by GTS-21.

Cells were treated as in Fig. 4, except that varying concentrations of

GTS-21 were added for 180 min, plus or minus 100 nM MLA. Phos-

pho-ERK was assayed and expressed as the mean ± SEM of four

samples/group, normalized to untreated control values on the same

gel. *p < 0.05 compared with either the corresponding MLA treatment

group (Student’s t-test).
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receptor-modulation of cell viability. This is consistent with
previous studies that chelated or removed extracellular
calcium ions to attenuate a7-mediated protection or kinase
activation (Donnelly-Roberts et al. 1996; Dajas-Bailador
et al. 2002b). The concentration of BAPTA-AM used in
our study was selected for its ability to prevent nicotine-
induced elevations in both cytoplasmic calcium and tyrosine
hydroxylase activity in PC12 cells (Gueorguiev et al. 1999).
It therefore appears that the calcium elevations triggered by
a7 receptor activation have important roles both for the
phenotypic properties of these cells and for their long-term
viability in the presence of toxic insults. It is interesting to
note that a careful study of intracellular calcium chelation in
hippocampal neurons recently concluded that modest increa-
ses in intracellular calcium concentrations were also associ-
ated with improved viability (Bickler and Fahlman 2004). It
remains to be determined to what extent BAPTA treatment
reduces calcium concentrations in mitochondria, smooth
endoplasmic reticulum, and other storage sites under our
experimental conditions.

The effects of a7 receptor activation on cell viability and
their blockade by BAPTA were seen without any acute
change in a7 nicotinic receptor-binding density and a modest
increase in receptor density by 3 days. These observations
are significant because a7-binding density was recently
found to modulate the neuroprotection seen in PC12 cells
(Jonnala and Buccafusco 2001). The reduction in a7
receptor-binding density over 3 days of NGF + serum
removal is probably related to the observation that NGF

increases this receptor subunit expression in PC12 cells
(Takahashi et al. 1999). GTS-21 has not been reported to
increase a7 receptor expression or lead to PC12 cell
differentiation, which may account for its inability to prevent
the loss of a7 receptor density over the 3 days of NGF
deprivation. The lack of effect of GTS-21 on a7 receptor-
binding density following the 3 days of NGF + serum
deprivation was a surprising result because the less selective
agonist nicotine was found to increase a7 receptor expression
in these cells (Jonnala and Buccafusco 2001). MLA also
increases a7 receptor density in PC12 cells (Jonnala and
Buccafusco 2001), which might be expected with GTS-21 if
it acted by desensitizing most a7 receptors. One possibility is
that selective, low-level activation of a7 receptors is
insufficient to increase their density, which is consistent
with the lack of effect of chronic GTS-21 administration on
a7 receptor density in neocortex in vivo (Meyer et al. 1997).
Alternatively, GTS-21 may preserve a population of PC12
cells that expresses fewer a7 receptors, while simultaneously
increasing their a7 receptor expression, resulting in no net
change in density under these conditions.

Our results indicate that the cell viability effects of
BAPTA are likely due to processes downstream from the
receptor activation, since there was no decrease in binding
density that would be expected to interfere with the actions of
GTS-21. This is consistent with the observation that BAPTA
exposure attenuated GTS-21-induced PKC activation. PKC
translocation and activation were previously found to be
essential for a7-mediated protection in this apoptotic model
(Li et al. 1999). This increase in PKC activity occurs within
15 min, during the interval that neuroprotection is BAPTA
sensitive, suggesting that kinase activation may be one of the
relatively early steps in the protective process.

The anti-apoptotic effect of GTS-21 in PC12 cells requires
extended activation of a7 receptors, because MLA blocks
this cell survival when administered up to 1 h post agonist
(Li et al. 1999). The ability of BAPTA to block protection
when applied 5 min after GTS-21 suggests that a protracted
elevation in intracellular calcium ions is also essential for
protection. Whether this is due to a slow or rapid increase in
calcium is not clear. We previously demonstrated that
neuroprotective concentrations of GTS-21-caused a long-
term, near steady-state calcium influx via a7 receptors,
without desensitization of the overall receptor population
seen at higher, non-protective agonist concentrations (Papke
et al. 2000). However, although it is likely that this low-level
receptor activation provides an early calcium transient that is
important for triggering the cytoprotective pathway, it
appears that downstream calcium channel activation is
important as well.

The multichannel modulation of intracellular calcium by
voltage-sensitive L-type calcium channels, intracellular InsP3

channels, and intracellular ryanodine channels provides a
potentially complex mechanism for a7 receptors to affect

Fig. 6 GTS-21 induced cytoprotection is dependent on ERK phos-

phorylation and PKC activation. Differentiated PC12 cells were treated

with10 lM GTS-21 for 3 days upon NGF + serum removal, with or

without 10 lM PD98059, 10 lM U0126 or 500 nM bis-indole maleimide.

Cell densities are expressed as the mean ± SEM of six plates/group

from three experiments; *p < 0.01 compared with untreated control

(one-way ANOVA).
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cellular function and viability (Vijayaraghavan et al. 1992;
Gueorguiev et al. 2000; Shoop et al. 2001; Dajas-Bailador
et al. 2002a). Activation of the intracellular InsP3 calcium
channel, and to a lesser extent the ryanodine receptor, are
necessary for complete a7-mediated protection in this model,
based on sensitivity to antagonists. This is consistent with the
protective actions of metabotropic receptors such as bradyk-
inin (Yamauchi et al. 2003) and mGluR4s (Maj et al. 2003)
that also act on InsP3 receptors. The concentration of
xestospongin C used in this study was found previously by
our group to block InsP3 receptors and reduce GTS-21-
induced calcium accumulation in PC12 cells for as long as it
was assayed (45 min) (Gueorguiev et al. 2000). This
dependence on InsP3 channels for most of the long-term
elevation in intracellular calcium triggered by a7 receptors is
consistent with their involvement in cytoprotection, which
similarly depends on long-term receptor activation (Li et al.
1999). Inhibition of phospholipase C with U-73122
(Kokoska et al. 1998), which blocks InsP3 diacylglycerol
production, also attenuates GTS-21-induced protection, pro-
viding additional support for a role of InsP3 receptors and
PKC.

Ryanodine channels were also involved in the protection
of some NGF + serum-deprived PC12 cells, although this
effect was less dramatic than that seen with InsP3 channel
attenuation. Because ryanodine may only partially attenuate
a7-mediated calcium elevations (Dajas-Bailador et al.
2002a), it is not surprising that some cells remained sensitive
to GTS-21 in the presence of this channel blocker. There are
multiple types of ryanodine receptor that are differentially
expressed in various tissues, however, so it is conceivable
that this result may be difficult to extrapolate to other
neuronal models (Berridge et al. 2000). In brain neurons,
ryanodine receptors are primarily localized to the endoplas-
mic reticulum of post-synaptic entities, from which they
release calcium in response to increased cytoplasmic cal-
cium. Recently, however, they have been found pre-synap-
tically and may be involved in modulating transmitter release
(Bouchard et al. 2003), another well-characterized function
of a7 receptors.

The nifedipine-sensitive, voltage-sensitive L-type channel
underlies a significant amount of the calcium accumulation
seen following a7 receptor activation. Although extracellular
calcium is necessary for neuroprotection, as noted above, it
appears that channels other than the L-type are involved in
this action, probably the a7 receptors themselves. The
observation that L-type channels are not essential for
protection may be due to multiple factors. First, L-type
channel openings may be for a shorter duration than is
necessary for protection, e.g. if the voltage-dependent
channels openings are attenuated over time through cal-
cium-activated potassium channels. Alternatively, the cal-
cium entry through these channels may be physically
removed from the transduction processes essential for

cytoprotection. A third possibility is that the intracellular
calcium channels may provide sufficient calcium for protec-
tion even in the absence of voltage-sensitive calcium-channel
activation.

Our results indicate for the first time that the ERK1/2 MAP
kinase pathway is required for a7 receptor-mediated protec-
tion, based on its GTS-21-induced phosphorylation and
attendant activation, as well as the ability of the ERK1/2
inhibitors PD98059 and U0126 to block protection. ERK1/2
phosphorylation has been associated with cytoprotection in a
variety of model systems (Hetman and Xia 2000; Kyosseva
2004), and with other anti-apoptotic processes found to be
triggered by a7 receptors, including bcl2 elevations,
increased mitochondrial membrane potential, and reduced
cytochrome c release (Li et al. 1999). Our results indicate,
therefore, that calcium accumulation triggered by a7 receptor
activation is necessary for this chain of kinase-mediated anti-
apoptotic events. In contrast, neither the p38 nor the JNK
pathway was apparently activated by a protective concentra-
tion of GTS-21. It is interesting to note that activation of
ERK has been reported with very low concentrations
amyloid peptides, suggesting that this may provide a dose-
dependent protective role for the peptides and receptors
under appropriate conditions, perhaps even in the sparing of
a7 receptor-expressing cells in Alzheimer’s disease.

In summary, a7 receptor activation provides cytoprotec-
tion against trophic factor deprivation and triggers PKC
translocation through a mechanism that appears to involve
intracellular calcium ion elevations. Among the several
calcium channels triggered by a7 receptor activation, InsP3-
and, to a lesser extent ryanodine-receptor calcium channels
are likely mediators of these calcium elevations and are
essential for cytoprotection. Downstream ERK1/2 phos-
phorylation is also essential for protection, while other MAP
kinases JNK and p38 are not. It now becomes important to
determine the role of these various pathways in the protective
actions of a7 receptors in brain in vivo.
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