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NMDA Agonists and Antagonists Induce Renal Culture Cell Toxicity
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Abstract: The NMDA receptor (NMDAR) is expressed in the renal proximal tubule. NMDAR agonists and antagonists
induce cell toxicity in the central nervous system (CNS). We studied the effect of NMDAR agonists and antagonists on
renal cell survival in renal culture cells: proximal tubule-like opossum kidney (OK) and distal-tubule-like madine darby
canine kidney cells (MDCK) cells. Low dose glutamate had no effect on cell survival. However, 10 mM glutamate in-
duced a 14-fold increase in cell death compared to control cells. Addition of low or high doses of the NMDAR agonist
glycine had no effect on cell toxicity. Exposure of cells to the non-competitive NMDAR blocker MK-801 or the competi-
tive NMDAR antagonist CPP induced a time and dose-dependent increase in cell death and apoptosis. The presence of fe-
tal bovine serum in the pre-incubation media attenuated the toxicity caused by MK-801 and CPP. The deleterious effect of
NMDAR antagonists on cell survival was specific for OK cells; these substances had no effect on MDCK cell survival.
Finally, pre-treatment of OK cells with the renal cytoprotective glycine completely blunted the affect of MK-801 on renal
cell survival. We conclude that excessive stimulation or blockade of the renal NMDAR results in cell death.
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INTRODUCTION

The N-methyl-D-Aspartate (NMDA) receptor (NMDAR)
is linked to a cation channel. The main NMDA subunit is
NR1, which is linked to one of the NR2 subunits (NR2A,
NR2B, NR2C, or NR2D) [1-3]. The NR1 subunit is essential
for channel activity whereas the NR2 subunits confer modu-
latory properties [4]. Cations transmitted through the
NMDAR-linked ion channel include sodium, potassium, and
calcium [2]. Activation of the central nervous system (CNS)
NMDAR results in ototoxicity [5,6] and hypoxia [1,7,8].

Studies in ours and other laboratories show that the
NMDAR is abundantly expressed in the renal proximal tu-
bule [9,10] with moderate distal tubule expression. Increased
NMDAR subunit NR1 and NR2C expression correlates with
renal damage in a rat model of gentamicin nephrotoxicity
[11]. Thus, similar to the CNS NMDAR [1,5-7,8], activation
of the receptor mediates renal cell toxicity. However,
NMDAR antagonists also mediate CNS in vitro and in vivo
cell toxicity [12-14]. For example, NMDAR antagonists in-
duce cytotoxicity and apoptosis in microglia, a phenomenon
that is ameliorated by simultaneous addition of NMDA ago-
nists [14]. Thus, there seems to be a delicate balance by
which excessive stimulation or blockade of the NMDAR
results in altered cell survival.

There is no published information regarding the effect of
NMDAR agonists or antagonists in the kidney. We studied
the effect of several potential NMDAR agonists and antago-
nists on renal cell survival in proximal tubule-like opossum
kidney (OK) and distal tubule-like madine darby canine kid-
ney (MDCK) cells.
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METHODS
Cell Culture

Opossum kidney (OK) and Madine Darby Canine Kidney
(MDCK) cells from established lines were obtained from
American Type Culture Collection (ATCC, Manassas, VA,
USA). The cells were grown in Minimal Essential Medium
Eagles (30-2003, ATCC), and grown to 80-90% confluence
with addition of 10% fetal bovine serum (FBS), 50 1U/ml
penicillin, and 50 pg/ml streptomycin in 5% CO,-95% O, at
37°C.

Assessment of Cytotoxicity

Cell toxicity was assessed by lactate dehydrogenase
(LDH) release according to an established protocol. Briefly,
toxicity was determined by the In Vitro Toxicology Kit, or
TOX-7} (Sigma-Aldrich, Saint Louis, MO, USA). The assay
is based upon the reduction of NAD by the action of LDH.
The resulting reduced NAD (NADH) is utilized in the
stoichiometric conversion of a tetrazolium dye. The night
before all experiment cells were incubated for 16 hours with
FBS-deplete or replete media. The next day, these solutions
were replaced with fresh solutions containing NMDA ago-
nists or antagonists and then incubated for 2 or 24 hours. The
cultures were then removed and placed in a laminal flow
hood. The plates were then centrifuged at 250 X g for 4 min-
utes. An aliquot was then transferred to a 96-well plate for
LDH release analysis. To the remainder of the cells/media in
the plate, 1/10 volume of 0.25% Triton X-100 was added to
induce cell lysis. After incubation 5% C0,-95% O, at 37°C
for 45 minutes, the plate was removed from the incubator
and centrifuged again at 250 X g X 4 minutes. An aliquot
was removed for total LDH analysis. An LDH assay mixture
was prepared with equal volumes of LDH enzyme, substrate,
and dye solutions. One-half volume of the mixture was
added to the wells containing an aliquot from the cells. After
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incubation in the dark for 30 minutes, the reaction was
stopped by addition of 1/10 volume IN HCL. LDH was
measured spectrophotometrically at a wavelength of 490 nm,
with the background subtracted at 690 nm. The results for
the cytotoxicity experiments are displayed as LDH re-
lease/Total LDH.

Assessment of Apoptosis

Cell apoptosis was assessed by Hoechst 33258 staining
of cells, as described previously [15]. After incubation with
the substances under study, the cells were initially washed
with 1X phosphate buffered saline. Hoechst 33258 stain
(Sigma-Aldrich, Saint Louis, MO, USA) was added in 1X
PBS at a concentration of 2 pM and the cells were incubated
in the dark in 5% C0,-95% O, at 37°C for 45 minutes. After
incubation, apoptosis was assessed at 350/460 nm on an ul-
traviolet (UV) microscope. Apoptotic cells were identified
by bright white staining, which was easily visible by 10X
magnification. Normal cells were identified by gray staining.
The percentage of apoptosis was determined by the number
of apoptotic/total cells/high power field (hpf).

Materials

Glycine, glutamate, MK-801 and R-(-)-3-(2-carboxypi-
perazine-4-yl)-propyl-1-phosphonic acid (D-CPP, or CPP)
were purchased from Sigma-Aldrich (Saint Louis, MO,
USA).

Statistical Analysis

Differences among more than two data points was as-
sessed by one-way ANOVA with Bonferroni’s Multiple
Comparison Test. Significance is defined as P< 0.05.

RESULTS

Opossum Kidney (OK) Cell Survival After Exposure to
NMDA Agonists

OK cells were exposed to glutamate (0.01-10 mM) for 24
hours. As a positive control for cell toxicity we used high-
dose gentamicin (27 mg/ml), which induces significant cyto-
toxicity to renal culture cells [16]. Compared to control cells,
there was no effect on cell toxicity in OK cells exposed to
0.01-1 mM glutamate. However, addition of higher concen-
trations of glutamate induced a dose-dependent increase in
cell toxicity. The highest dose of glutamate (10 mM) resulted
in a 14-fold increase in cell toxicity compared to control
cells (p<0.0001). The toxicity due to this concentration of
glutamate was significantly greater (p=0.002) than that ob-
served with gentamicin (Fig. 1A).

A separate group of OK cells were exposed to glycine
(10 pM-10 mM) for 24 hours. Compared to control cells,
there was no effect on cell toxicity by all doses of glycine;
gentamicin induced greater toxicity (p=0.05) than the control
or glycine (Fig. 1B).

OK Cell Survival After Exposure to the Non-Competitive
NMDA Antagonist MK-801

After overnight incubation in FBS-deplete media, the
non-competitive NMDAR antagonist MK-801 was added to
OK cells for either 2 (Fig. 2A) or 24 (Fig. 2B) hours. Expo-
sure of cells for both time periods to doses higher than 0.10
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Fig. (1). Cytotoxicity (LDH Release/Total LDH) in OK cells pre-
incubated in the absence of FBS and then exposed to 0.001-10 mM
glutamate (A) or 0.01-10 mM glycine (B) for 24 hours. There are
significant increases (¥*p< 0.05) in cytotoxicity in cells exposed to
concentrations 5 and 10 mM glutamate or the positive control high-
dose gentamicin (27 mg/ml) versus the control condition. Cells ex-
posed to low or high doses of glycine showed similar levels of cyto-
toxicity to the control cells; those exposed to high-dose gentamicin
(27 mg/ml) exhibited significant toxicity versus either the control or
glycine-exposed cells.

pM MK-801 induced a dose-dependent increase in cell
death.

Apoptosis in OK Cells Exposed to MK-801

After overnight incubation in FBS-deplete media, OK
cells were incubated for either 2 or 24 hours with MK-801.
Apoptosis was assessed by Hoechst 33258 staining. The re-
sults of a typical experiment are shown (Figs. 3A and 3B). 2-
hour exposure to MK-801 resulted in a trend towards a dose-
dependent increase in apoptosis, but the results were not sta-
tistically significant. However, 24-hour exposure of cells to
MK-801 resulted in a dose-dependent increase in apoptosis.
As a positive control, we measured apoptosis in cells ex-
posed to high-dose gentamicin (27 mg/ml) that induces
apoptosis in renal culture cells [17]. Gentamicin induced
apoptosis similar to that observed with the higher concentra-
tions of MK-801. The effect of MK-801 on apoptosis in OK
cells for either 2 (Fig. 3C) or 24 (Fig. 3D) is also displayed
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Fig. (2). Cytotoxicity (LDH Release/Total LDH) in OK cells pre-
incubated in the absence of FBS and then exposed to 0.01-100 uM
MK-801 for 2 (A) or 24 (B) hours. There are significant increases
(*p< 0.05) in cytotoxicity in cells exposed to concentrations of MK-
801 versus the control condition in all three time periods studied.
Cells exposed to higher concentrations (at least 5 M) of MK-801
for either 2 or 24 hours also exhibited significant differences (# p<
0.05) in toxicity compared to lower concentrations of MK-801.

in pictorial form, confirming a dose-dependent effect of MK-
801 on rates of apoptosis.

OK Cell Survival After Exposure to the Competitive
NMDA Antagonist CPP

After overnight incubation in FBS-deplete media, the
competitive NMDAR antagonist CPP was added to OK cells
for either 2 (Fig. 4A) or 24 (Fig. 4B) hours. Exposure of
cells for both time periods to doses higher than 0.10 uM in-
duced a dose-dependent increase in cell death.

Apoptosis in OK Cells Exposed to CPP

2-hour exposure of cells to CPP resulted in a trend to-
wards increased apoptosis with higher doses of CPP, but the
results are not statistically significant (Fig. SA). However,
24-hour exposure to CPP resulted in significant and dose-
dependent apoptosis (Fig. 5B). The degree of apoptosis in-
duced by the positive control gentamicin was similar to that
observed with the highest concentrations of CPP.

Assessment of Protective Effect of FBS on NMDA An-
tagonist Induced Cell Toxicity

FBS attenuates cell toxicity induced by various agents
[18-20]. Hence, we sought to study if pre-incubation of OK
cells with FBS may offer some protection against NMDAR-
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antagonist induced cell death induced by NMDAR antago-
nists. The overall rate of cell toxicity was lower in cells ex-
posed to FBS-replete media. Indeed, only maximal doses of
MK-801 (Fig. 6A) and CPP (Fig. 6B) induced cytotoxicity.
These studies show that FBS does offer some protection of
renal cells from NMDAR antagonist-induced cell death.

Madine Darby Canine Kidney (MDCK) Survival After
Exposure to NMDA Antagonists

The NMDA receptor is also expressed in MDCK cells
[10]. Hence, we studied the effect of 24-hour exposure of the
NMDAR antagonist MK-801 on MDCK cell survival. These
results show that either in the absence or presence of pre-
incubation with FBS, cell survival was unaffected by MK-
801 (Fig. 7).

Protective Effect of Glycine on NMDA Antagonist-
Induced OK Cell Cytotoxicity

Glycine alone had no effect on renal cell survival (Fig.
1B). However, pre-treatment of cells with glycine prior to
exposure to the nephrotoxicants cisplatin [21], heat stress
[22], or hypoxia attenuates cell death [23]. Based on these
studies, we speculated that pre-treatment of OK cells with
glycine may protect the cells against NMDAR antagonist-
induced cytotoxicity. Our results show that pre-treatment of
OK cells with low (100 uM), moderate (2 mM), or high-dose
(10 mM) glycine offers complete protection against MK-
801-induced cytotoxicity (Fig. 8).

DISCUSSION

The NMDA receptor (NMDAR) plays an important role
in cell survival in the central nervous system (CNS), as indi-
cated by its role in excitatory pathways. However, excessive
activation of the CNS NMDAR results in cell toxicity and
plays a role in Alzheimer’s disease, hypoxia, alcoholism, and
drug-induced ototoxicity [5,6,8,24-33]. While non-compe-
titive (e.g. MK-801) or competitive (CPP) antagonists ame-
liorate cell damage in some of these aforementioned condi-
tions, exposure of cells to high doses of these antagonists
may also cause cell damage [12-14]. The mechanism under-
lying antagonist-induced cell toxicity is not clear.

We studied the effect of two major CNS NMDAR ago-
nists on renal cell survival. High dose glutamate induced
significant toxicity, even greater than that exhibited by gen-
tamicin. In contrast, low, moderate, or high-dose glycine had
no deleterious effect on renal cell survival. We also explored
the effect of two NMDAR antagonists on cells survival. Our
results show that exposure of OK cells to a non-competitive
(MK-801) and competitive (CPP) antagonist causes a dose-
dependent increase in cytotoxicity and apoptosis. “To our
surprise, apoptosis occurred in rvenal culture cells exposed to
both a non-competitive and competitive antagonist. This ef-
fect at first seems counterintuitive however, the effects of
both MK-801 and CPP were dose-dependent, with signifi-
cant cell death only seen with high doses. This result is simi-
lar to those observed by Marcus et al. [34], in which both
non-competitive and competitive NMDA receptor antago-
nists evoked dopamine output in limbic cortical regions that
were dose dependent. In summary, the ability of both non-
competitive and competitive antagonists to induce an effect
in a single cell type seems to be dose-dependent. The density
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Fig. (3). Apoptosis in OK cells exposed to 0.01-100 uM MK-801. MK-801 was applied to the cells for either 2 hours (A) or 24
hours (B), and then Hoechst stain 33258 was added to the cells. Apoptotic cells stain white and are easily visible; normal cells
are identified by gray staining, and on this reproduction are not easily visible. There is a time and dose-dependent increase in
apoptosis in the cells. As a positive control, the cells were exposed to high-dose gentamicin (27 mg/ml). The effect of MK-801
on apoptosis in OK cells for either 2 (Figure IIIC) or 24 (Figure IIID) is also displayed in pictorial form. The numbers above

each frame represent uM MK-801 added. Apoptotic cells can be identified by bright blue-staining; unaffected cells are pale
gray or dark blue.
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Fig. (4). Cytotoxicity (LDH Release/Total LDH) in OK cells pre-incubated in the absence of FBS and then exposed to 0.01-100 uM CPP for
2 (A) or 24 (B) hours. There are significant increases (¥*p< 0.05) in cytotoxicity in cells exposed to concentrations of CPP at least 0.05 uM
versus the control condition in after exposure for 2 or 24 hours. Cells exposed to higher concentrations (at least 5 uM) of CPP for either 2 or
24 hours also exhibited significant differences (# p< 0.05) in toxicity compared to lower concentrations of CPP.
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Fig. (5). Apoptosis in OK cells exposed to 0.01-100 uM CPP. CPP was applied to the cells for either 2 hours (A) or 24 hours (B), and then
Hoechst stain 33258 was added to the cells. Apoptotic cells stain white and are easily visible; normal cells are identified by gray staining, and
on this reproduction are not easily visible. There is a time and dose-dependent increase in apoptosis in the cells. As a positive control, the
cells were exposed to high-dose gentamicin (27 mg/ml).

of receptors in a specific cell type also may determine the antagonists was similar to that used in prior studies
affect of antagonists on cell function.” Finally, the concentra- [6,8,35,24-26,27-32,35,36].

tions of MK-801 and CPP we used were below or similar to
those used to block the CNS NMDAR [25,26,27, 30,31,33].
In addition, the time period of exposure of OK cells to the

Our prior in vivo studies showed MK-801 protected the
whole kidney from gentamicin nephrotoxicity [11]. Thus,
there seems to be a discrepancy between the actions of
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Fig. (6). Cytotoxicity (LDH Release/Total LDH) in OK cells pre-incubated in the absence (open bars) or presence (closed bars) of FBS and
then exposed to 0.01-100 pM MK-801 (A) or 0.01-100 uM CPP (B) for 24 hours. There are significant increases (*p< 0.05) in cytotoxicity
in cells exposed to concentrations of both MK-801 and CPP versus the control condition in FBS-deplete cells; although toxicity was higher
in FBS-replete cells exposed to high (>5 uM) concentrations of either MK-801 or CPP, only the highest concentration of CPP induced a
significant increase in toxicity (#p<0.05 versus control).
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Fig. (7). Cytotoxicity (LDH Release/Total LDH) in MDCK cells
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uM MK-801 for 24 hours. There are no differences in cytotoxicity
in cells exposed to any concentration of MK-801 versus the control
condition.

NMDAR antagonists in vitro and in vivo. In the in vivo
model we injected MK-801 intraperitonealy whereas in the
current studies the antagonists were added directly to the
cells. We hypothesize that the lack of toxicity induced by
NMDAR antagonists in the whole animal model was due, at
least in part, to the lower dose delivered to the proximal tu-
bule. Additionally, the period of exposure was also different
in these two models. Furthermore, the underlying condition
of the cell or the cell type may influence the effect of
NMDAR antagonists. For example, Priestley ef al. previ-
ously showed that MK-801 concentrations similar to those
we used (0.03-0.10 uM) protected rat cortical cells against
hypoxia-induced toxicity, whereas the same concentrations
in our current studies induced significant cell damage in OK
cells. The differences between their study and ours may be
due to several factors. First, we did not induce hypoxia in our
cells and therefore studied OK cells under normal basal con-
ditions. Second, the expression and composition of the
NMDA receptor subunits may be different between the two
cell types.

Based on studies showing that glycine attenuates renal
toxicity caused by various nephrotoxicants [21-23] we hy-
pothesized that NMDAR antagonist-induced renal cell death
may be attenuated by pre-treatment with glycine. Our studies
show that cells exposed to high-dose MK-801 exhibited sig-
nificant cell toxicity; this was completely blunted by pre-
treatment of the cells with glycine.

There are several limitations to the interpretation of our
results. First, despite molecular evidence that the NMDAR is
expressed in the kidney [9,10], it is not yet clear if the renal
NMDAR is a functional receptor. Our current studies were
not designed to answer that important question, but the cur-
rent data and prior studies performed in our laboratory do
show that the expression of the receptor correlates with cell
damage [11]. We also did not perform in vivo experiments,
which may have enhanced the significance of the current
data, but it was our intent to specifically study the effect of
NMDAR agonists and antagonists in the proximal tubule,
and we believed this was best achieved using the cell culture
model. Another concern with our results is the absolute con-
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Fig. (8). Cytotoxicity (LDH Release/Total LDH) in OK cells pre-
incubated in the absence of FBS and then pre-treated with low (100
uM), moderate (2 mM) or high (10 mM) dose glycine, and then
exposed to a high dose (100 uM) MK-801 for 24 hours. Compared
to control, 100 pM MK-801 and high-dose (27 mg/ml) gentamicin
induce significantly toxicity. MK-801-induced toxicity is com-
pletely blunted in cells pre-treated with all doses of glycine.

centration of glutamate required to induce toxicity in OK
cells compared to the CNS. We only observed toxicity with
very high (greater than 1 mM) doses of glutamate. This sug-
gests that compared to the CNS NMDAR renal cells appear
to be less sensitive to glutamate, or alternatively, the receptor
is less abundantly expressed. This raises some legitimate
concerns regarding the relative importance of the receptor in
the kidney.

In summary, we have shown that the NMDAR agonist
glutamate incurs damage whereas glycine alone has no effect
on renal cell survival. FBS had a protective effect on MK-
801 and CPP induced cell toxicity, possibly due to the pres-
ence of growth factors or phosphorylation of proteins that
protect against toxicity. Finally, pre-treatment of cells with
glycine completely protected against cell death. Based on
current knowledge about the function of NMDA receptors in
the CNS, we hypothesize that the renal NMDAR receptor
may perform basal functions necessary for renal cell sur-
vival.

ACKNOWLEDGEMENT

The authors wish to gratefully thank Dr. Nicholas G. Ba-
zan and Dr. Pranab K. Mukherjee, for their instruction re-
garding the apoptosis technique and support on this project.

REFERENCES

[1] Ascher, P.; Nowak, L. J. Physiol., 1988, 399, 247.

[2] MacDermott, A.B.; Mayer, M.L.; Westbrook, G.L.; Smith, S.J.;
Barker, J.L. Nature, 1983, 321, 519.

[3] Monyer, H.; Sprengel, R.; Schoepfer, R. Science, 1992, 256, 217.

[4] Ishii, T.; Moriyoshi, K.; Sugihara, H. J. Biol. Chem., 1993, 268,
2836.

[5] Basile, A.S.; Huang, J.M.; Xie, C.; Webster, D.; Berlin, C.; Skol-
nick, P. Nat. Med., 1996, 2, 1338.

[6] Segal, J.A.; Harris, B.D.; Kustova, Y.; Basile, A.; Skolnick, P.
Brain Res., 1999, 815, 270.



NMDA Induces Renal Cell Toxicity

Johnston, M.V.; McDonald, M.; Chen, C.; Trescher, W. In Excita-
tory Amino Acids. Medlrum, B.S.; Moroni, F.; Simon, R.P.;
Woods. I.H. (Eds.), Raven Press, New York, 1991; pp.711-716.
McDonald, J.; Silverstein, F.; Johnston, M. Neurosci. Lett., 1990,
109, 234.

Deng, A.; Valdivielso, J.M.; Munger, K.A.; Blantz, R.C.; Thom-
son, S.C., J. Am. Soc. Nephrol., 2002, 13, 1381.

Leung, J.C.; Travis, B.R.; Verlander, J.W.; Yang, S.; Sandhu, S.;
Zea, A.; Weiner, 1.D.; Silverstein, D.M. Am. J. Physiol. Renal
Physiol., 2002, 283, R964.

Leung, J.C.; Marphis, T.; Craver, R.D.; Silverstein, D.M. Kidney
Int., 2004, 66, 167.

Dzietko, M.; Felderhoff-Mueser, U.; Sifringer, M.; Krutz, B.; Bitti-
gau, P.; Thor, F.; Heumann, R.; Buhrer, C.; Ikonomidou, C.; Han-
sen, H.H. Neurobiol. Dis., 2004, 15, 177.

Farber, N.B.; Kim, S.H.; Dikranian, K.; Jiang, X.P.; Heinkel, C.
Mol. Psychiatr., 2002, 7, 32.

Hirayama, M.; Kuriyama, M. Brain Res., 2001, 8§97, 204.
Mukherjee, P.K.; Marcheselli, V.L.; Serhan, C.N.; Bazan, N.G.
Proc. Natl. Acad. Sci. USA, 2004, 101, 8491.

Girton, R.A.; Sundin, D.P.; Rosenberg, M.E. Amer., J. Physiol.
Renal Physiol., 2002, 282, F703.

El Mouedden, M.; Laurent, G.; Mingeot-Leclercq, M.P.; Tulkens,
P.M. Toxicol. Sci., 2000, 56, 229.

Borenfreund, E.; Puerner, J.A. Toxicology, 1986, 39, 121.
Burgalassi, S.; Chetoni, P.; Monti, D.; Saettone, M.F. Toxicol.
Lett., 2001, 122, 1.

Llorens, F.; Miro, F.A.; Casanas, A.; Roher, N.; Garcia, L.; Plana,
M.; Gomez, N.; Itarte, E. Exp. Cell Res., 2004, 299, 15.

Received: 12 February, 2008

Revised: 08 August, 2008 Accepted: 19 August, 2008

Medicinal Chemistry, 2008, Vol. 4, No. 6 571

Heyman, S.N.; Rosen, S.; Silva, P.; Spokes, K.; Egorin, M.J.; Ep-
stein, F.H. Kidney Int., 1991, 40, 273.

Nissim, I.; Hardy, M.; Pleasure, J.; Nissim, L.; States, B. Kidney
Int., 1992, 42, 775.

Tijsen, M.J.; Peters, S.M.; Bindels, R.J.; van Os, C.H.; Wetzels,
J.E. Nephrol. Dial. Transpl., 1997, 12, 2549.

Greenamyre, J.T.; Penney, J.B.; D'Amato, C.J.; Young, A.B. J.
Neurochem., 1987, 48, 543.

Sturgess, N.C.; Rustad, A.; Fonnum, F.; Lock, A. Arch. Toxicol.,
2000, 74, 153.

Priestley, T.; Horne, A.L.; McKernan, RM.; Kemp, J.A. Brain
Res., 1990, 531, 183.

Guarneri, P.; Russo, D.; Cascio, C.; De Leo, G.; Piccoli, T.; Sciuto,
V.; Piccoli, F.; Guarneri, R. J. Neurosc. Res., 1998, 54, 787.
Hoffman, D.J.; Marro, P.J.; McGowan, J.E.; Mishra, O.P.; De-
livoria-Papadopolous, M. Brain Res., 1994, 644, 1244.

Nowak, L.; Bergestowski, P.; Ascher, P.; Pochiantz, A. Nature,
1984, 307, 462.

Pringle, A.K.; Self, J.; Eshak, M.; Iannotti, F. Eur., J. Neurosc.,
2000, /2, 3833.

Probert, A.W.; Borosky, S.; Marcoux, F.W.; Taylor, C.P. Neuro-
pharmacol., 1997, 36, 1031.

Puel, J-L.; Ladrech, R.; Chabert, R.; Pujol, R.; Eybalin, M. Hear.
Res., 1991, 51, 255.

Takahashi, M.; Hashimoto, M. Brain Res., 1996, 735, 1.

Marcus, M.M.; Mathé, J.M.; Nomikos, G.G.; Svensson, T.H. Neu-
ropharmacol., 2001, 40, 482.

Tsai, G.; Coyle, J.T. Annu. Rev. Med., 1998, 49, 173.

Xiong, H.; McCabe, L.; Costello, J.; Anderson, E.; Weber, G.;
Ikezu, T. Neurobiol. Aging, 2004, 25, 905.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.6
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType true
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


