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Abstract
Hippocampal CA1 pyramidal neurons are selectively vulnerable to ischemia, while adjacent CA3
neurons are relatively resistant. Although glutamate receptor-mediated mitochondrial Ca2+ overload
and dysfunction is a major component of ischemia-induced neuronal death, no direct relationship
between selective neuronal vulnerability and mitochondrial dysfunction has been demonstrated in
intact brain preparations. Here, we show that in organotypic slice cultures NMDA induces much
larger Ca2+ elevations in vulnerable CA1 neurons than in resistant CA3. Consequently, CA1
mitochondria exhibit stronger calcium accumulation, more extensive swelling and damage, stronger
depolarization of their membrane potential, and a significant increase in ROS generation. NMDA-
induced Ca2+ and ROS elevations were abolished in Ca2+-free medium or by NMDAR antagonists,
but not by zinc chelation. We conclude that Ca2+-overload-dependent mitochondrial dysfunction is
a determining factor in the selective vulnerability of CA1 neurons.
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INTRODUCTION
CA1 hippocampal pyramidal neurons, but not adjacent CA3 neurons, are highly vulnerable to
in vivo ischemic injury (Kirino, 2000). The selective vulnerability of CA1 has also been
observed following in vitro ischemia/hypoxia or oxygen-glucose deprivation (OGD) in rodent
organotypic slice cultures (Pringle et al., 1997; Perez Velazquez et al., 1997; Rytter et al.,
2003). Glutamate excitotoxicity is thought to play a pivotal role in CA1 neuronal death because,
among other reasons, NMDA receptor (NMDAR) and AMPA receptor (AMPAR) antagonists
are neuroprotective following OGD (Pringle et al., 1997; Rytter et al., 2003). Independent
avenues of research indicate that excessive NMDAR-dependent cytosolic Ca2+ elevation is a
key event in excitotoxic death (Choi, 1995; Gillessen et al., 2002), although this is firmly
established only in cultured neurons. However, several observations suggest the general
importance of excessive Ca2+. For example, OGD-induced Ca2+ elevations have been
implicated in CA1 vulnerability (Perez Velazquez et al., 1997; Bickler and Hansen, 1998;
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Cronberg et al., 2005) in hippocampal slices. Additionally, increasing external Ca2+ potentiates
NMDA-evoked currents in CA1, but depresses them in CA3 neurons (Grishin et al., 2004);
these differences were enhanced during OGD (Gee et al., 2006).

Large cytosolic Ca2+ elevations lead to mitochondrial calcium overload — a crucial step in
excitotoxicity — which results in mitochondrial damage, activation of the mitochondrial
permeability transition (MPT), the release of pro-apoptotic proteins, and the production of
reactive oxygen species (ROS) (Starkov et al., 2004; Nicholls, 2004, 2009). This sequence is
well established for isolated brain mitochondria and for neurons in culture, but information
directly addressing the role of Ca2+ in ischemia-evoked mitochondrial dysfunction in in situ
neurons is limited. Interestingly, MPT activation and ROS formation were found to be higher
in mitochondria from CA1 than in those from CA3 (Mattiasson et al., 2003), suggesting —
although there is no direct evidence — that there may be a relationship between the disparate
vulnerability of CA1 vs. CA3 neurons and NMDA-induced, Ca2+ overload-mediated
mitochondrial dysfunction in intact brain preparations.

This narrative has so far focused on Ca2+, on the presumption that it is the main signaling ion
in excitotoxic injury cascades, but certain recent reports have questioned the fact and the role
of Ca2+ elevations in CA1 neurons during OGD in acute slices, instead ascribing a pivotal role
to Zn2+ (Stork and Li, 2006; Medvedeva et al., 2009). Zn2+ is known to be toxic, although its
source and mechanism(s) of toxicity are largely obscure (Frederickson et al., 2005; Paoletti et
al., 2009). In particular, it is not clear how Zn2+ toxicity does or does not relate to mitochondrial
dysfunction in excitotoxicity, and whether mitochondria can appreciably buffer Zn2+ (Dineley
et al., 2008).

In previous studies, we used, among other approaches, direct measurements of intracellular
calcium concentrations to show that excitotoxic elevation of free cytosolic Ca2+ was paralleled
by mitochondrial calcium overload (Pivovarova et al., 2004, 2008). Here, we report that CA1
hippocampal neurons in organotypic slice cultures are selectively vulnerable to NMDAR-
dependent excitotoxicity because NMDAR over-activation induces Ca2+ elevations that are
much larger in these vulnerable neurons than in resistant CA3 neurons. These results establish
the previously missing link between CA1-selective neurodegeneration and Ca2+ overload-
dependent mitochondrial dysfunction.

MATERIALS AND METHODS
Slice cultures and survival assays

Hippocampal organotypic slice cultures were prepared from day 6 postnatal Sprague-Dawley
rats as previously described (Pozzo-Miller et al., 1997) and in accordance with the NINDS,
NIH Animal Care and Use Committee Protocol No. ASP-1159. Slices display normal
anatomical structure and electrophysiological properties by 7 days in vitro (DIV) and until at
least 14 DIV. Prior to experiments, slices were subjected the propidium iodide (PI) viability
staining (see below) and only those culture sets with no detectable dead cells were used. For
experiments, 8–10 DIV slices were transferred into modified artificial cerebrospinal fluid
(ACSF) containing in mM: 137 NaCl, 2.0 CaCl2, 2.0 MgSO4, 5.4 KCl, 0.3 Na2HPO4, 0.22
KH2PO4, 10 HEPES, 10 glucose, 26 sucrose (~310 mOsM, pH 7.4). Viability assays were also
replicated in a 25 mM NaHCO3/CO2 buffered medium. To induce excitotoxicity, slices were
exposed to 500 μM glutamate or 200 μM NMDA supplemented with 10 μM glycine in a
Mg2+-free ACSF for 30 min at 37 °C. Chemical ischemia (CI) was simulated by substituting
sucrose for glucose and KCl (70 mM) for NaCl in ACSF, and adding 10 mM cyanide and 2
mM 2-deoxyglucose. After exposure, cultures were washed in ACSF and returned to the
incubator in growth medium for 20–24 h. As needed, inhibitors were added to the ACSF 10
min before excitotoxic or ischemic exposure. Cell death was assayed in defined regions of
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entire slices with 3.3 μg/ml PI staining according to a quantification method described
previously (Pringle et al., 1997), modified to take into account the density of neurons, which
was assayed by immunostaining for the neuron-specific marker NeuN (Chemicon, Temecula,
CA). For normalization, the average relative fluorescence ratio of PI to NeuN per unit area in
CA1 and CA3 regions was estimated using ImageJ software
(http://rsb.info.nih.gov/ij/index.html).

Fluorescence microscopy
The Ca2+-sensitive low-affinity fluorescent probe fluo-4FF (excitation 488 nm, emission 515
nm; Invitrogen, Carlsbad, CA) was used to estimate the level of intracellular free Ca2+ in
neurons. Cells in slices were loaded by incubation in 5 μM fluo-4FF AM ester in ACSF for 30
min at 37 °C. The membrane-permeant, cationic dye rhodamine-123 (Rh123, excitation 514
nm, emission 530 nm, Invitrogen) was used to assay changes in mitochondrial membrane
potential (MMP). Slices were exposed for 30 min at 37 °C to 25 μM Rh123 in ACSF and
washed with ACSF for additional 30 min before imaging. ROS levels were estimated using
the superoxide-sensitive fluorescent indicator dihydroethidium (DHE, excitation 488 nm,
emission 530 nm, Invitrogen). Slices were incubated with 4 μg/ml DHE for 15 min at 37°C
and washed with ACSF.

For imaging, slices were placed in glass-bottom chambers at 25 °C on the stage of Zeiss LSM
510 confocal microscope (Carl Zeiss, Thornwood, NY; 5x objective). Central optical slices
through neuronal cell layers were recorded every 30s for 20–40 min. Data are given as
background-corrected ratio of fluorescence intensity to baseline fluorescence (F/F0).

Electron microscopy and electron probe x-ray microanalysis (EPMA)
For conventional electron microscopy, slice cultures were fixed, stained, Epon-embedded and
sectioned using standard procedures. Sections were viewed in a JEOL 1200 transmission
electron microscope (JEOL, Peabody, MA). Images were recorded digitally by means of an
XR-100 CCD camera (AMT, Danvers, MA).

For EPMA, slices were frozen and cryo-sectioned as previously described (Pozzo-Miller et al.,
1997; Pivovarova et al., 2002). Briefly, cryosections (~80 nm thick) were cut en face from
previously marked CA1 or CA3 cell body layers of slam-frozen slice cultures by means of a
Leica UC6 cryoultramicrotome (Leica, Bannockburn, IL) at − 160 °C. Pyramidal cell somatic
regions were located in frozen specimens with the aid of fiducial marks identifying the strata
pyramidale. Cryosections were transferred to an energy-filtering analytical cryo-electron
microscope (Zeiss EM 912, Peabody, MA) and after freeze-drying were imaged using a
ProScan (TRS) 2kx2k slow-scan CCD camera (Munster, Germany) controlled by AnalySIS
image processing software (Olympus Soft Imaging Solutions, Lakewood, CO). X-ray spectra
were recorded and processed by established procedures (Pivovarova et al., 1999). EPMA-
derived total concentrations of Na, Mg, P, Cl, K and Ca measured in cytoplasm and
mitochondria are given in mol/kg dry weight.

Statistics
For statistical comparisons, one-way ANOVA followed by post-hoc Dunnett multiple
comparisons test was used for normally distributed data. For non-normally distributed data the
nonparametric Kruskal-Wallis rank ANOVA with post-hoc Dunn’s test was used. Data are
given as mean ± SEM. Analysis was performed using InStat software (GraphPad Software,
San Diego, CA). In general, experiments were performed on at least three slice cultures
prepared from different animals.
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Reagents
Fluo-4FF, rhodamine-123 and dihydroethidium were purchased from Invitrogen (Carlsbad,
CA). All other reagents were from Sigma-Aldrich (St. Louis, MO).

RESULTS
CA1-selective vulnerability is mediated by NMDAR-dependent Ca2+ elevation

We first established that in our rat organotypic slice cultures CA1 neurons were selectively
vulnerable to excitotoxic insults. Chemical ischemia (CI) for 30 minutes resulted in delayed
neuronal death in CA1, whereas neurons in CA3 were generally unaffected (Fig. 1). Cell death,
estimated as the ratio of PI staining 24 hours after stimulus to NeuN immunofluorescence —
the latter reflecting the total population of neurons — in standardized areas, was approximately
twofold higher in CA1 compared to CA3 after CI, whereas there was no detectable cell death
in either region before stimulation or in control slices subjected to the entire incubation protocol
but without CI (not shown). This result is consistent with the previous observation that CA1
neurons of organotypic hippocampal slice cultures are selectively vulnerable to oxygen/
glucose deprivation (OGD) (Gee et al., 2006). Since NMDA receptor-dependent excitotoxicity
is a major component of ischemic cell death, we also tested the effects of slice exposure to
toxic NMDA. As with CI, NMDA induced selective death in CA1 (PI/NeuN fluorescence ratio
2.4±0.4 times higher than in CA3, p<0.05), which was prevented by the NMDA antagonist
MK-801 (Fig. 1), confirming that CA1-selective neuronal death was dependent on NMDAR
activation.

Having confirmed the expected NMDA vulnerability of CA1 neurons in hippocampal slice
cultures, we next asked whether the Ca2+ overload that characterizes excitotoxic death in
cultured neurons (Choi, 1995; Gillessen et al., 2002) might also distinguish vulnerable CA1
neurons from less vulnerable CA3 cells. The Ca2+-sensitive low-affinity fluorescent probe
fluo-4FF revealed during 30 min of NMDA exposure a rapid, biphasic cytosolic Ca2+ increase,
followed by a sustained plateau, in CA1 (Figs. 2 and 3E; Supplemental Video). Higher-
magnification images demonstrate that fluorescence originates from individual CA1 neurons
(Fig. 2, bottom panel). In contrast, no Ca2+ elevations were detected in CA3 neurons (Figs. 2
and 3E). Dramatic differences in CA1 vs. CA3 Ca2+ elevations were also observed during CI
and glutamate exposure (Fig. 3A, C). MK-801 strongly reduced CI-induced Ca2+ elevations
(Fig. 3B) and completely abolished those induced by glutamate (Fig. 3D) or NMDA (not
shown), indicating that Ca2+ entry through NMDARs is a predominant component of the
response. Since it was confirmed that Ca2+ responses to CI and glutamate are mediated by
NMDARs, NMDA was used to induce excitotoxicity in remaining experiments.

Certain recent studies have questioned the role of Ca2+ overload in OGD-induced CA1
degeneration in acute hippocampal slices, suggesting instead that excess Zn2+ accumulates in
neurons and precedes Ca2+ deregulation (Stork and Li, 2006; Medvedeva et al., 2009). To
examine this possibility in the context of CA1 excitotoxicity in slice cultures, we tested the
effects of removing extracellular Ca2+ (by chelation with EGTA) or, alternatively, removing
intra- and extracellular Zn2+ (by chelation with TPEN). EGTA completely eliminated NMDA-
induced fluo-4FF fluorescence increases in CA1, while TPEN had no effect on fluorescence
(Fig. 3F) nor on cell viability (not shown), indicating that fluo-4FF is sensitive to Ca2+, not
Zn2+, and that in organotypic slice cultures elevation of Ca2 is the primary early step that
initiates the selective, NMDAR-dependent death of CA1 neurons.
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NMDA-induced mitochondrial calcium accumulation and damage is higher in CA1 than in
CA3 neurons

There is a convincing evidence that high cytosolic Ca2+ elevations lead to mitochondrial
Ca2+ overload and dysfunction, a crucial step in the excitotoxic death of cultured CNS neurons
(Nicholls, 2004, 2009). Therefore, we used electron probe x-ray microanalysis (EPMA) to
measure NMDA-induced changes of total Ca concentrations in neuronal cytoplasm, as well as
within individual neuronal mitochondria, in CA1 and CA3 regions. Consistent with the
response of free cytosolic Ca2+, excitotoxic NMDA exposure led to increases in both
cytoplasmic and mitochondrial total Ca concentrations that were much higher in CA1 than in
CA3 neurons (Fig. 4A, B; Table 1). Similar to previous observations for delayed excitotoxic
death in dispersed hippocampal neurons (Pivovarova et al., 2004), 30 min NMDA exposure
resulted in robust Ca accumulation in a subpopulation of mitochondria in both CA1 and CA3
neurons such that Ca was heterogeneously distributed both between and within mitochondria.
The avidly Ca-sequestering subpopulation contained numerous Ca-rich precipitates with
exceedingly high Ca concentrations (>1000 kg/kg dry weight; Table 1, footnote d). Both the
mean Ca concentration (Fig. 4B, Table 1) and the fraction of strongly Ca-accumulating
mitochondria (Table 1, footnote d) were larger in CA1 than in CA3 neurons. No significant
changes in astrocyte Ca concentrations were detected (Fig. 4A, B).

Ca accumulation by CA1 neurons was effectively abolished by MK-801 (Fig. 4A, B). Elevated
Ca in CA1 neurons returned to pre-stimulus levels after a 2 h recovery (Table 1), indicating
that in the majority of cells death was delayed relative to Ca overload. NMDAR over-
stimulation also reversed the normal cytoplasmic and mitochondrial concentrations of Na and
K; CA1 and CA3 neurons were similar in this respect (Fig. 4C, D). As with Ca concentration
changes, Na/K reversal was prevented by MK-801 (Fig 4C, D).

In concert with total Ca overload, mitochondria of neurons (which are readily distinguished
from glia at the electron microscopic level; see Supplemental Fig. 1), were characterized by
massive swelling, but only in a subset of mitochondria. In unstimulated CA1 neurons,
mitochondria have a normal filamentous morphology (Fig. 5, top panel). After NMDA
exposure, a large fraction of mitochondria (Fig. 5, bar graph) became round, with lucent
matrices and greatly increased volume (Fig. 5, middle panel). The majority of swollen
mitochondria retained their high-Ca precipitates, which are preserved in frozen and freeze-
substituted, but not in fixed, preparations (Fig. 5, middle panel, inset). The fraction of swollen,
damaged mitochondria in CA3 neurons after NMDA exposure (Fig. 5, bottom panel) was much
smaller than in CA1 neurons (Fig. 5, bar graph).

Mitochondrial Ca2+ overload and structural changes in cultured neurons are invariably
accompanied by depolarization of the mitochondrial membrane potential (MMP) (Pivovarova
et al., 2004; Ward et al., 2007). The fluorescent probe rhodamine 123 (Rh-123) was used to
estimate and compare MMP depolarization in CA1 and CA3 neurons during excitotoxic
challenge. NMDA application resulted in a larger increase in Rh-123 fluorescence in CA1
relative to CA3 (Fig. 6A). MMP depolarization was apparently only partial, however, since
the protonophore FCCP, which is expected to completely depolarize all mitochondria, induced
a further, strong and similar fluorescence increase in both CA1 and CA3 (Fig. 6A).

CA1-selective ROS generation is mediated by mitochondrial Ca2+ overload
The excessive ROS generation associated with ischemic or excitotoxic neuronal death is also
thought to be mediated by mitochondrial Ca2+ overload (Brookes et al., 2004; Starkov et al.,
2004). We estimated ROS generation in hippocampal slice cultures during excitotoxic NMDA
by measuring superoxide production with the fluorescent dye dihydroethidium (DHE). NMDA
induced a significant increase in DHE fluorescence in CA1, but not in CA3 (Fig. 6B). ROS
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generation was prevented by blocking mitochondrial Ca2+ uptake, either with FCCP or by
NMDA exposure in a nominally Ca2+-free medium (Fig. 6C). The Zn2+ chelator TPEN had
no effect on ROS production, nor on cell viability (not shown) indicating that CA1-selective
ROS generation and cell death are predominantly mediated by strong accumulation of Ca2+ in
neuronal mitochondria.

DISCUSSION
This study provides evidence for the previously missing link between CA1-selective
neurodegeneration and Ca2+ overload-dependent mitochondrial dysfunction, and indicates that
over-activation of NMDARs in organotypic hippocampal slice cultures induces much stronger
Ca2+ accumulation in ischemia-vulnerable CA1 neurons than in adjacent, resistant CA3
neurons. This difference in Ca2+ load between CA1 and CA3 neurons was paralleled by
differences in mitochondrial Ca2+ overload, dysfunction and ROS generation. All of these are
known key downstream events in the established pathway for glutamate excitotoxicity in
isolated neurons in culture. Although glutamate excitotoxicity also appears to be a major factor
in neuronal death following ischemia, the mechanistic details are largely unknown. In
particular, the relative importance of Ca2+-dependent vs. Ca2+-independent mechanisms is not
clear. Since we show here that selective, NMDAR-dependent Ca2+ accumulation in CA1, but
not CA3, is induced by glutamate, and to a large extent by chemical ischemia, it seems likely
that difference in Ca2+ loading could be a major reason for the differential susceptibility of
CA1 and CA3 neurons to ischemia. These observations are consistent with reports that NMDA
is more toxic to CA1 than to CA3 neurons (Aguirre and Baudry, 2009), and that OGD-induced
Ca2+ elevations in CA1 neurons of rat acute hippocampal slices (Bickler and Hansen, 1998)
and organotypic slice cultures (Frantseva et al., 2001) are NMDAR-dependent.

NMDAR-dependent Ca2+ overload in the mitochondria of CA1 neurons (Fig. 4, Table 1) is
the trigger for CA1-selective mitochondrial damage and dysfunction, as manifested by
mitochondrial swelling (Fig. 5), MMP depolarization (Fig. 6A) and ROS production (Fig. 6C).
The first two of these are characteristics of Ca2+-overload-induced MPT (Bernardi et al.,
2006), which implies that MPT is involved in the selective vulnerability of CA1 neurons. There
is strong evidence that Ca2+-induced MPT plays a role in excitotoxic death of cultured isolated
neurons (Jemmerson et al., 2005;Li et al., 2009;Nicholls, 2009), and MPT has also been
implicated in delayed neuronal death following transient ischemia (Baines et al., 2005;Schinzel
et al., 2005). The stronger Ca2+ accumulation and larger fraction of damaged, swollen
mitochondria observed here in CA1 as compared to CA3 suggests that stronger MPT activation
accounts for the selective excitotoxicity susceptibility of CA1. This potential mechanism is
reinforced if, as previously reported, CA1 neuronal mitochondria are inherently more
susceptibility to MPT than CA3 mitochondria (Mattiasson et al., 2003). As we previously
showed in dispersed hippocampal cultures (Pivovarova et al., 2004) and confirmed here in
slices, neurons mainly recover pre-stimulus Ca2+ levels within a few hours of stimulus removal,
and only show signs of death much later. This delay is accounted for by the heterogeneity of
mitochondrial damage, whereby damaged mitochondria initiate apoptosis-like death signals
while undamaged, healthy mitochondria continue to produce the ATP required by downstream
energy-dependent pathways (Pivovarova et al., 2004). We should note that mitochondrial
damage has been recognized as a hallmark of neuronal degeneration, both in vitro and in
vivo, for over four decades (Olney and Sharpe, 1969).

Mitochondria are a primary source of ROS, which contributes to oxidative stress and cell injury
(Feissner et al., 2009). Blocking ROS generation during OGD in hippocampal slice cultures
was neuroprotective (Zhou and Baudry, 2009). Mitochondrial Ca2+ accumulation is also
thought to be responsible for the production of ROS during excitotoxicity (Chinopoulos and
Adam-Vizi, 2006; Starkov et al., 2004). Here we observed NMDA-induced, selective
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generation of ROS in CA1, but not in CA3. CA1 ROS production appears to be mediated by
mitochondrial Ca2+ uptake, since chelating extracellular Ca2+ with EGTA or eliminating
mitochondrial Ca2+ uptake with the protonophore FCCP completely abolished ROS generation
(Fig. 6C), an observation consistent with recent findings in cultured striatal neurons (Duan et
al., 2007).

Recent reports suggest that the role ascribed to Ca2+ during OGD in acute hippocampal slices
could in part be attributable to Zn2+ (Stork and Li, 2006; Medvedeva et al., 2009). Here, we
found no effect of the membrane-permeant Zn2+ chelator TPEN on either ROS production,
excitotoxic cell death, or NMDA-induced increases in fluorescence from the low-affinity
Ca2+ probe fluo-4FF (Fig. 3F). In contrast, chelating external Ca2+ with EGTA was very
effective, completely abolishing cytosolic Ca2+ increases. It seems unlikely that these
observations are compromised by crosstalk between the cations, since in our hands fluo-4FF
is Zn2+-insensitive. Therefore, these observations provide evidence that, in apparent contrast
to the role of Zn2+ in OGD of acute slices, fast Ca2+ elevation following NMDA stimulation
is a primary and early event in vulnerable neurons of slice cultures. Moreover, independent
measurements of total Ca concentrations and distributions by EPMA indicate that exposure of
hippocampal slices to NMDA results in intracellular Ca, not Zn, accumulation in vulnerable
neurons. We also found only a slight and insignificant effect of the Zn2+ chelator TPEN on the
production of ROS (Fig. 6C). The possibility that NMDA-induced release of Zn2+ from
intracellular stores could trigger MPT and ROS generation was suggested earlier (Bossy-
Wetzel et al., 2004), although other studies argue that Ca2+-dependent mitochondrial ROS
generation occurs before, and is responsible for, the mobilization of toxic Zn2+ (Dineley et al.,
2008). There is convincing evidence that Zn2+ chelation is protective against ischemic neuronal
death (Calderone et al., 2004), but whether and how Zn2+ contributes to excitotoxicity, as well
as the source of Zn2+ ions, remains to be determined (Paoletti et al., 2009).

Beyond the role of small molecules and ions, there remain interesting questions about the
glutamate receptors responsible for toxic Ca2+ entry. Particularly relevant are questions about
post-translational modifications and receptor trafficking. It has been reported that ischemia
leads to CA1-specific, Cdk5-mediated phosphorylation of NMDARs, and that this step is
directly responsible for selective death of CA1 neurons (Wang et al., 2003). These observations
may link to Ca2+ overload in that prolonged activation of Cdk5 is dependent on calpain activity,
which is in turn up-regulated by cytosolic, and possibly mitochondrial, Ca2+ elevations
(Badugu et al., 2008). Concerning the subtype composition of GluRs, evidence suggests that
ischemia induces CA1-selective downregulation of GluR2 mRNA expression and
internalization of GluR2-containing AMPARs, resulting in increased Ca2+ influx via GluR2-
lacking, Ca2+-permeable AMPARs (Kwak and Weiss, 2006; Liu and Zukin, 2007). These
processes have been implicated in delayed neuronal death. The reasons for selective expression
of Ca2+-permeable AMPARs in CA1 neurons are unknown, but NMDAR activity and Ca2+

signaling are thought to be involved in GluR2 trafficking and internalization (Lin and Huganir,
2007; Dixon et al., 2009). Thus, the CA1-selective, NMDAR-dependent Ca2+ elevations
described here might serve as an upstream signal for switching AMPAR subunit composition
and/or location. Many mechanistic details remain controversial, however. For example, in
cortical neurons both in vitro NMDA exposure and transient ischemia were reported to reduce,
in a calpain-dependent manner, the level of surface-expressed and total GluR1, but not GluR2
as might have been expected (Yuen et al., 2007).

The important question, especially for successful therapeutic interventions, is why NMDA
induces selective Ca2+ elevation in CA1 neurons. Several scenarios can be envisioned. As the
expression of NR1 and NR2B subunits is higher in CA1 as compared to CA3 (Coultrap et al.,
2005), perhaps there are simply more surface-expressed NMDARs in CA1, and consequently
a larger calcium load. Another possibility considers differential Ca2+ buffering capacities.
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Calbindin-D28k immunoreactivity is higher in rat CA1 than in CA3 pyramidal cells (Sloviter,
1989; Muller et al., 2005). This is consistent with our EPMA data revealing a higher total Ca
content in activated CA1 neurons in the sense that both observations indicate a higher level of
Ca2+ buffering in CA1. However, more Ca2+ buffering power does not seem to translate to
excitotoxicity resistance. To the contrary, calbindin knockout mice showed generally
reduced susceptibility to ischemic damage (Klapstein et al., 1998; Schwaller et al., 2002), while
the loss of calbindin diminished VGCC-dependent Ca2+ influx during repetitive neuronal firing
in the dentate gyrus and was neuroprotective (Nagerl et al., 2000). Both observations imply
that enhanced Ca2+ buffering would not be neuroprotective. The evidence to this point suggests
that ischemia-vulnerable and -resistant neurons are characterized by differences in cytosolic
Ca2+ buffering, suggesting that this is yet another of the many factors that can play a role in
ischemic vulnerability. Complexity notwithstanding, one primary excitotoxic injury event
appears to be NMDAR-dependent excessive Ca2+ elevation leading to mitochondrial
dysfunction and activation of downstream death pathways, mechanisms that are quite similar
to those well established for dispersed cultures.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Chemical ischemia or NMDA exposure induces selective death of CA1 hippocampal
neurons
Propidium iodide (PI) staining 24 h after chemical ischemia (CI, see Methods for details) or
NMDA (200 μM) exposure for 30–40 min reveals much higher PI fluorescence in CA1
compared to CA3, while staining for NeuN shows a similar density of neurons in these regions.
NMDAR antagonist MK-801 completely prevents NMDA-induced cell death.
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Figure 2. NMDA induces Ca2+ elevations selectively in CA1 neurons
Confocal fluorescence images of fluo-4FF-loaded slices reveal NMDA-induced (200 μM, 30
min) Ca2+ changes in a representative hippocampal slice culture. Intracellular fluorescence
was equally low across the entire slice area before stimulation, but increased almost exclusively
in CA1 after NMDA application. Bottom panel illustrates elevated free Ca2+ in individual CA1
pyramidal neurons. Images in top three panels were taken using a 5x objective; bottom panel
used a 20x objective.

Stanika et al. Page 13

Neurobiol Dis. Author manuscript; available in PMC 2011 February 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 3. Large Ca2+ elevations in CA1 neurons are mediated by NMDAR activation
Ca2+ traces, presented as normalized fluo-4FF fluorescence ±SEM in the CA1 (red) and CA3
(blue) regions of hippocampal slices, demonstrate large, persistent Ca2+ elevations in CA1,
but not CA3, during CI (A) or exposure to 500 μM glutamate (C) or 200 μM NMDA (E). The
NMDAR antagonist MK-801 largely reduces CI-induced (B) while eliminating glutamate-
induced (D) Ca2+ elevations. The Zn2+ chelator TPEN (50 μM) has no effect on Fluo-4FF
fluorescence increase, while Ca2+ chelator EGTA (2 mM) completely abolished any
fluorescence increase (F). Experiments were performed on slices from at least three different
slices prepared from three different animals.
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Figure 4. NMDA-induced total calcium accumulation is higher in CA1 neurons than in CA3
neurons
NMDA exposure (200 μM, 30 min) induced large increases in total Ca concentrations in
cytoplasm (A) and mitochondria (B) of CA1 neurons, but much smaller increases in CA3; glial
cell concentrations were unchanged (*, p<0.05 relative to CA1 exposed to NMDA). NMDA-
induced redistribution of cytoplasmic Na and K was similar in neurons of both regions (C),
but less extensive in mitochondria of CA3 neurons (D), (p<0.05). MK-801 generally prevented
NMDA-induced changes in Ca, Na and K concentrations. Data are given as mean ±SEM, as
measured by electron probe microanalysis (EPMA) on cryosections from at least three different
slices prepared from three different animals.
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Figure 5. Fraction of damaged mitochondria after NMDA exposure is higher in CA1 than in CA3
neurons
Electron micrographs of representative neuronal cell bodies of CA1 and CA3 regions of
hippocampal slice culture conventionally fixed after exposure to NMDA (200 μM, 30 min).
NMDA-treated CA1 neurons exhibit a large number of swollen mitochondria with lucent, low
density matrices, while the majority of mitochondria in CA3 neurons are structurally similar
to those in CA1 controls (arrows). Neurons display characteristic round, lucent nuclei (pieces
of which are included in each panel for purposes of identification) and are readily distinguished
from glial cells in slice preparations (see Supplemental Fig. 1). Inset: Representative field from
a freeze-dried cryosection of the CA1 region of a slice culture illustrates at higher magnification
a swollen mitochondrion with calcium-rich inclusions. Bars for all panels and inset, 2 μm. Bar
graph compares the fraction of swollen mitochondria in CA1 (64.4±3.0%) and CA3 neurons
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(30.3±3.1%) after NMDA exposure. Data are means from two experiments, n=31 (CA1) and
n=25 (CA3), p<0.05.
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Figure 6. NMDA induces selective MMP depolarization and ROS generation in CA1 neurons
(A) Representative traces of baseline-normalized rhodamine 123 (Rh-123) fluorescence
intensities show partial MMP depolarization induced by NMDA (200 μM), which is stronger
in CA1 compared to CA3. FCCP (1μM) application produced equivalent MMP depolarization
in both regions. (B) Traces of normalized fluorescence of dihydroethidium (DHE) report large,
persistent increases in ROS generation following NMDA (200 μM) application in CA1 but not
in CA3 region. (C) Blocking mitochondrial Ca2+ uptake with FCCP (1μM) or exposure to
NMDA in Ca2+-free medium (EGTA, 2mM) prevents ROS generation, but Zn2+ chelation
(TPEN, 50 μM) was without effect.
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