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Effects of oxygen/glucose deprivation (OGD) on subcellular
elemental composition and water content were determined in
nerve cell bodies from CA1 areas of rat hippocampal slices.
Electron probe x-ray microanalysis was used to measure per-
centage water and concentrations of Na, P, K, Cl, Mg, and Ca
in cytoplasm, nucleus, and mitochondria of cells exposed to
normal and oxygen/glucose deficient medium. As an early (2
min) consequence of OGD, evoked synaptic potentials were
lost, and K, Cl, P, and Mg concentrations decreased signifi-
cantly in all morphological compartments. As exposure to in
vitro OGD continued, a negative DC shift in interstitial voltage
occurred (;5 min), whereas general elemental disruption wors-
ened in cytoplasm and nucleus (5–42 min). Similar elemental
changes were noted in mitochondria, except that Ca levels
increased during the first 5 min of OGD and then decreased
over the remaining experimental period (12–42 min). Compart-
mental water content decreased early (2 min), returned to con-

trol after 12 min of OGD, and then exceeded control levels at 42
min. After OGD (12 min), perfusion of hippocampal slices with
control oxygenated solutions (reoxygenation) for 30 min did not
restore synaptic function or improve disrupted elemental com-
position. Notably, reoxygenated CA1 cell compartments exhib-
ited significantly elevated Ca levels relative to those associated
with 42 min of OGD. When slices were incubated at 31°C
(hypothermia) during OGD/reoxygenation, neuronal dysfunc-
tion and elemental deregulation were minimal. Results show
that in vitro OGD causes loss of transmembrane Na, K, and Ca
gradients in CA1 neurons of hippocampal slices and that hy-
pothermia can obtund this damaging process and preserve
neuronal function.
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Ischemic or hypoxic events rapidly compromise nerve cell func-
tion in brain tissues (Hansen, 1985; Erecinska and Silver, 1994;
Hossmann, 1996; Silver et al., 1997). Within minutes of oxygen
and/or glucose deprivation, cellular ATP levels decrease, excita-
tory amino acids are released, and cellular ion gradients collapse
with resulting membrane depolarization (Siesjo, 1992; Martin et
al., 1994). Because neuronal function is critically dependent on
maintenance of Na1, K1, Cl2, and Ca21 transmembrane dis-
tributions, loss of ion gradients is considered to be a cardinal
event in the pathophysiology of brain ischemia (Hansen, 1985;
Martin et al., 1994). Results from whole-animal models have
suggested that ischemic/hypoxic perturbation of cellular ion reg-
ulation can be divided into two phases. Phase 1 is associated with
a gradual rise in extracellular K1 (K1

o) concentrations, with
little change in other ions (Hansen, 1985; Moghaddam et al.,
1986; Zetterstrom et al., 1995). As ischemia or hypoxia continues,
phase 2 changes develop and consist of an additional large in-
crease in K1

o , a corresponding negative shift in interstitial volt-
age, and substantial decreases in extracellular Na1, Cl2, and

Ca21 concentrations (Hansen and Zeuthen, 1981; Harris et al.,
1981; Silver and Erecinska, 1990; Somjen et al., 1990). CNS
ischemic or hypoxic events in vivo are often transient and are
succeeded by regional reperfusion. Despite restoration of normal
extraneuronal oxygen tension and glucose content, the reperfu-
sion period can be paradoxically associated with additional nerve
cell injury (Siesjo, 1992). This secondary injury involves multiple
factors (e.g., free radical generation, mitochondrial dysfunction)
that promote additional neuronal Na1 and Ca21 entry (Young,
1986; Siesjo, 1992; Choi, 1995; Kristian and Siesjo, 1996). Thus,
disruption of intraneuronal ion balance and Ca 21 overload ap-
pear to be critically involved in neuronal cell injury associated
with ischemia and reperfusion.

Despite the potential importance of disturbed nerve cell ion
homeostasis during transient oxygen/glucose deprivation (OGD),
very little direct, detailed information exists regarding corre-
sponding altered intraneuronal disposition of Na1, K1, Ca21,
and other ions in brain tissue. In particular, the magnitude and
extent of ion translocation among ischemic subcellular organelles
and compartments are not known, nor is it understood how these
ionic changes relate to ensuing structural and functional alter-
ations. To understand this information gap, we used electron
probe x-ray microanalysis (EPMA) to determine the effects of
OGD and reoxygenation on intracellular distribution of Na, K,
Ca, and other biological elements in CA1 nerve cells from rat
hippocampal slices. Both morphology and synaptic function were
assessed in these tissue slices, and results were correlated with
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respective EPMA data. EPMA is a quantitative electron micros-
copy technique that simultaneously measures water content and
total (free plus bound) concentrations of elements in selected
morphological compartments of rapidly frozen tissue [for detailed
technical discussion see LoPachin (1995)]. This technique per-
mits optical identification of individual neurons and analyses of
respective subcellular compartments such as mitochondria and
nuclei. Microprobe analysis has been used to quantify nervous
tissue elemental disturbances in various neuropathological con-
ditions (LoPachin and Lehning, 1997).

MATERIALS AND METHODS
In the present study, rat hippocampal tissue slices were used, because
unlike other in vitro model systems (e.g., cultured embryonic nerve cells),
a relatively normal anatomical microenvironment is maintained. Neu-
rons in CA1 regions of these slices were analyzed because these cells are
highly sensitive to OGD, and their neuropathological and electrophysi-
ological responses have been well described (Balestrino et al., 1989;
Taylor and Weber, 1993; Taylor et al., 1995). Elemental changes induced
by OGD or experimental ischemia were measured, therefore, in vulner-
able adult CNS neurons under conditions similar to those in vivo. In
addition, parallel determinations of synaptic function and histopathology
were conducted in the same tissue. Consequently, we were able to
correlate onset of elemental disruption with changes in structural and
functional parameters. All aspects of this study were in accordance with
the NIH Guide for Care and Use of Laboratory Animals and were ap-
proved by local animal care committees.

Preparation of hippocampal slices. Methods for hippocampal slice prep-
aration were similar to those discussed in detail elsewhere (Taylor and
Weber, 1993; Weber and Taylor, 1994); a brief description is provided
here. Male Wistar rats (200–275 gm) were anesthetized with pentobar-
bital (50 mg/kg, i.p.) and decapitated. Brains were rapidly excised and
placed in cold (4°C) oxygenated artificial CSF (aCSF) containing (in
mM): NaCl 125, KCl 3.5, MgSO4 1.0, CaCl2 2.0, NaHCO3 26, NaH2PO4
1.25, and D-glucose 10. Cooled brains were hemisected at the midline and
trimmed, leaving a rectangular block of tissue that included the dorsal
hippocampus. The tissue block was glued to the stage of a vibrating slicer
(Campden Instruments Vibroslice 752M) and sectioned coronally (450
mm) at low temperatures (0°C). A small number of randomly selected
fresh slices were quench-frozen or conventionally fixed immediately after
Vibroslice cutting (see below). The majority of slices were placed in an
interface recording chamber (Scientific Systems Design) at room tem-
perature and preincubated for 1–2 hr by superfusion with aCSF that was
gradually warmed to 36°C. Slices were superfused continuously (1 ml/
min) with either normal aCSF (control) or OGD medium. Extracellular
glass micropipettes containing 2 M NaCl (4–10 MV resistance) were
placed into the stratum radiatum of the CA1 region and used to record
EPSPs in response to stimuli (40–150 mA, 0.4 msec pulses) from paired
wire electrodes placed ;1 mm from the recording site. Voltage record-
ings were made with an electrometer (Axon Instruments Axoprobe 200),
and evoked potentials were stored digitally once every 60 sec. A contin-
uous strip-chart record was used to observe DC negative shifts (5–25
mV), which are similar in waveform to spreading depression that follows
brain oxygen and glucose deprivation.

Light microscopy. For morphological observations in conventionally
fixed hippocampal tissues, representative slices were selected immedi-
ately after Vibroslice cutting or were removed from the incubation
medium at selected experimental times and fixed overnight by immersion
in Bouin’s solution (27°C). After fixation, slices were alcohol-dehydrated,
infiltrated with paraffin, and sectioned (3 mm). Sections were mounted on
glass slides, stained with hematoxylin/eosin, and examined on an upright
compound microscope and photographed.

In vitro OGD. OGD was produced by superfusing slices with
D-glucose-deficient aCSF equilibrated with a 95% N2 /5% CO2 gas mix-
ture (Weber and Taylor, 1994). Oxygen tension of the oxygen/glucose-
deficient aCSF was 5% or lower, as determined with polarized glass-
insulated carbon-fiber electrodes. Oxygen tension measured ;100 mm
below the tissue surface fell to near zero within 30 sec of initiating
oxygen/glucose deprivation. Slices (n 5 5–8 per experimental group)
were removed from the perfusion chamber after 0, 2, 5, 12, and 42 min
of OGD exposure. To assess post-OGD recovery of neuronal water
content and elemental composition, slices (n 5 6) were exposed to 12 min
of experimental ischemia and then returned to oxygenated, glucose-

containing medium for 30 min (reoxygenation). As a control for the
OGD and reoxygenation periods, slices (n 5 3 per time point) were
incubated with normal aCSF for 12 and 42 min beyond the initial
equilibration time (t 5 0; see above). Results demonstrated that respec-
tive elemental data for t 5 0, 12, and 42 min non-OGD control incuba-
tions were not statistically different and therefore were pooled. As an
additional study to determine the effects of excision and subsequent
preincubation procedures on recovery of intraneuronal elemental com-
position, a separate group of slices (n 5 6) were quench-frozen or
conventionally fixed immediately after Vibroslice cutting; i.e., slices
received no in vitro incubation. The neuroprotective capacity of mild
hypothermia was also determined in the in vitro OGD/reoxygenation
model. Slices (n 5 7) were superfused with cooled (31°C) oxygen/
glucose-deficient aCSF for 12 min and then exposed to cooled (31°C)
normal oxygenated solutions for 30 min. As a control, slices (n 5 4) were
incubated in oxygenated, glucose-containing aCSF for 42 min at 31°C.
This control hypothermic period did not modify neuronal elemental
composition relative to control incubations at 36°C (i.e., pooled 0, 12, and
42 min control data; see above). At the end of each experimental or
control period, tissue samples were rapidly removed from the incubation
chamber and were immediately quench-frozen by immersion in melting
isopentane. Frozen slices were then stored in liquid nitrogen for later
analysis.

Cryoultramicrotomy and EPMA. The methodologies for cryomic-
rotomy and EPMA have been published extensively (Saubermann et al.,
1981a,b; Foster and Saubermann, 1991; LoPachin et al., 1991; LoPachin,
1995). Briefly, frozen hippocampal slices were sectioned (500 nm nomi-
nal thickness) on a cryomicrotome at an ambient cryochamber temper-
ature of 255°C. Unstained, unfixed, hydrated cryosections were then
transferred under vacuum to the cold stage (2185°C) of an AMRay 1000
scanning electron microscope. The electron microscope was equipped
with a Tracor Northern energy dispersive detector and pulse processor
that was connected to a PC-based multichannel analyzer for collection
and processing of x-rays (Foster and Saubermann, 1991). For quantitative
analyses of elements in hippocampal cryosections, wet-weight specimen
mass was measured in frozen hydrated sections by determining contin-
uum generation rates (Saubermann et al., 1981a,b; Saubermann and
Heyman, 1987). Cryosections were then dehydrated in the electron
microscope column vacuum by raising the temperature of the cold stage
from 2185 to 260°C for 30 min. Stage temperature was returned to
2185°C for microanalysis. The electron beam (20 kV, 0.4 nA current)
was rastered within anatomical boundaries of the chosen structures.
X-ray spectra were collected over 100 sec of live counting time. Dry
weight elemental mass fractions (millimoles/kilogram of dry weight) for
Na, K, P, Cl, Mg, and Ca were determined using software applying the
Hall et al. (1973) method of continuum normalization (Foster and
Saubermann, 1991; Saubermann et al., 1992). Water content (percentage
water) of morphological compartments was determined by the ratio of
respective continuum counts in hydrated versus dried states (Bulger et
al., 1981; Saubermann et al., 1981b). EPMA does not distinguish ionic
versus bound element but rather measures total elemental concentra-
tions. Therefore, symbols for each element are expressed without oxida-
tion state (e.g., K) when corresponding concentrations have been derived
by EPMA. Oxidation states are indicated (e.g., K 1) for discussions of
previous research involving ion-sensitive measurements or for physiolog-
ical processes (e.g., membrane transport) in which involvement of the
ionized species is implicit.

Compartment identification. Morphological compartments (cytoplasm,
nuclei, and mitochondria) were visualized in dehydrated cryosections
using scanning-transmission electron microscopy. Spatial resolution in
unfixed, unstained hippocampal cryosections is not sufficient to distin-
guish individual submitochondrial cytoplasmic constituents. Thus, “cy-
toplasm” is a primarily a composite measurement of Nissl substance,
Golgi apparatus, and microtubule/neurofilament regions (Peters et al.,
1991). The nuclear compartment represents EPMA of nucleoplasm and
excludes analysis of the nucleolus. CA1 cell mitochondria in frozen
hippocampal sections appeared as dense (cristea are not visible), multi-
variate forms (spherical to slender rodlets) with dimensions of ;0.1 mm
diameter and 0.1–0.5 mm length. In the absence of positive identification,
it is possible that corresponding EPMA data are contaminated by anal-
yses of similarly sized cytoplasmic objects such as lysosomes or lipofuscin
granules. However, several observations suggest that the mitochondrial
compartment is appropriately identified. Mitochondria and other subcel-
lular organelles or areas can be differentiated by elemental composition
and water content. For example, relative to other compartments, lyso-
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somes exhibit very high sulfur concentrations because of the prevalence
of S-containing enzymes (LeFurgey et al., 1991; R. L. Pachin and
E. Lehning, unpublished data). When compared with respective cyto-
plasm (see Table 2), mitochondria from CA1 cells maintained in control
conditions exhibited higher Na, P, and Cl concentrations ( p , 0.05) and
a lower water content ( p , 0.05). Furthermore, mitochondria can be
distinguished by function. Thus, observed Ca sequestration and accu-
mulation by our mitochondrial compartment during OGD/reoxygenation
(see Results) are predictable behaviors based on presumed pathophysi-
ological roles. Therefore, the present mitochondria data likely reflect
compartment-specific analyses [see also LoPachin et al. (1988) and
LoPachin and Stys (1995)].

Statistics. Nested ANOVA was used to show that analyses of nerve cells
from individual slices of an experimental group could be pooled to derive
a group mean. Therefore, descriptive parameters such as group means
and SE of the mean are not based on number of slices (e.g., n 5 3–4 per
time point), but rather are derived from pooled nerve cell data. Statis-
tical differences ( p , 0.05) among group means were determined using
one-factor ANOVA followed by Dunnett’s test modified for unbalanced
data.

RESULTS
CA1 cell neuropathology
In cryosections from control oxygenated hippocampal slices, the
CA1 region was easily identified, and cellular morphology of
respective pyramidal-shaped neurons was well preserved, i.e.,

cytoplasm, mitochondria, nuclei, and apical dendrites were
readily evident. Morphological observations of cryosections from
frozen slices exposed to 12 min of OGD indicated minimal
neuropathic disruption. However, 42 min of OGD or 12 min
OGD/30 min reoxygenation produced similar dendritic blebbing
with pronounced somatic and mitochondrial swelling. Parallel
examination of conventionally fixed, paraffin-imbedded sections
(Fig. 1) confirmed morphological findings in cryosections. Light
microscopy of slices fixed immediately after Vibroslice prepara-
tion (Fig. 1A) indicated significant swelling of pyramidal neurons,
i.e., cell bodies, mitochondria, dendrites, and nuclei were en-
larged and hydropic. After 1.5 hr of incubation in control aCSF,
pyramidal neurons had a normal appearance, with compact nu-
clei, normal nucleoli, narrower primary dendrites, and no evi-
dence of dendritic blebbing (Fig. 1B). However, after 12 min of
OGD and 30 min of reoxygenation at 36°C, tissue morphology
was severely disrupted (Fig. 1C) and was characterized by darkly
stained, swollen perikarya, mitochondria, and nuclei, grossly dis-
rupted cell bodies, and blebbed dendrites. In contrast, slices
removed after 12 min of OGD and 30 min reoxygenation at 31°C
(Fig. 1D) exhibited excellent histological appearance, including
compact cell bodies and nuclei, and dendrites without blebbing.

Figure 1. Hematoxylin and eosin-
stained sections (3-mm-thick) illustrat-
ing changes in slice morphology as a
function of different incubation condi-
tions. A, Tissue fixed immediately after
slicing (nonincubated). Note swollen py-
ramidal cell nuclei and dendritic shafts,
as well as pronounced blebbing (granu-
lar appearance) in dendritic areas. B,
Slice fixed after ;1.5 hr of incubation in
normal aCSF at 36°C. Neuronal
perikarya, nuclei, and apical dendrites
exhibit nearly normal appearance. C,
Tissue fixed after incubation for 1.5 hr
in normal aCSF at 36°C followed by 12
min ischemia and 30 min reperfusion.
Grossly swollen CA1 neuronal cell bod-
ies and nuclei were observed with some
disintegrated somata and others that
stained darkly (pyknosis). Dendritic ar-
eas are highly granular, and individual
dendritic shafts cannot be distinguished.
D, Tissue fixed after incubation for 1.5
hr in normal aCSF at 31°C followed by
12 min ischemia and 30 min reperfu-
sion. Preservation of histological fea-
tures is remarkable and is similar in
appearance to hippocampal regions of
brain fixed in situ by cardiac perfusion
(data not shown). Scale bar, 25 mm (for
all micrographs).
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Electrophysiology
Normal synaptic evoked potentials [i.e., similar in waveform to
those occurring in vivo (Andersen and Lomo, 1966)] were ob-
served in CA1 stratum radiatum before OGD (mean amplitude
was 5.2 6 0.44 mV, n 5 38) (Fig. 2A). As reported previously
(Weber and Taylor, 1994), extracellular EPSPs disappeared
within 5 min of OGD onset (Fig. 2B). Subsequently, a negative
DC voltage shift (5–25 mV) was seen in all slices that were
oxygen/glucose-deprived for 12 min at 36°C (Table 1). Previous
studies have shown that such negative shifts correspond to cellu-
lar depolarization and large changes in extracellular ionic com-
position (Hansen, 1985). The mean time to negative shift in all
slices exposed to either 12 or 42 min of OGD was ;5 min at 36°C
(Table 1). Evoked EPSPs were measured in groups of slices
exposed to OGD/reoxygenation at either 36°C or 31°C. None of
the slices kept at 36°C had EPSPs that were at least 50% of
starting amplitude, which indicates a loss of normal synaptic
function. In contrast, all slices subjected to OGD at 31°C had
EPSPs that recovered during reoxygenation (Table 1). Further-
more, less than half of these slices displayed a DC negative shift
during the 12 min OGD period; negative shifts that were ob-

served were significantly delayed (Table 1). These results confirm
previous reports (Weber and Taylor, 1994) of hypothermia (31°C)
as a neuroprotectant.

Elemental composition and water content of CA1
nerve cells from control incubated and nonincubated
hippocampal slices
Analyses of nerve cells from nonincubated slices (i.e., slices
prepared and frozen immediately without in vitro incubation)
revealed gross morphological changes (Fig. 1A) in conjunction
with losses of transmembrane elemental gradients and osmoreg-
ulation; i.e., in all subcellular compartments, intracellular water
content and Na, Cl, and Ca concentrations increased signifi-
cantly, whereas K, P, and Mg levels decreased (Table 2). This
initial excision trauma was reversible, however. When hippocam-
pal slices were isolated and incubated under control conditions
described in Materials and Methods, CA1 cell morphological
characteristics (Fig. 1B) and subcellular elemental composition
and water contents were normalized (Table 2). In fact, cytoplas-
mic distributions of Na, K, Cl, and other elements in these
recovered control cells were quantitatively similar to the EPMA-
determined elemental composition of rat cortical neurons that
were rapidly frozen in situ (Table 3). This indicates that cells
maintained under our in vitro conditions can establish subcellular
ion distributions similar to those in vivo. Electrically evoked
EPSPs determined in control incubated slices also were similar to
those recorded in other in vivo studies (Table 1), which implies
normal ion channel function and neurotransmission. Together,
these findings suggest that the methods used for excision and slice
preparation in the present studies prevent irreversible damage by
promoting restoration of ion gradients and recovery of CA1 nerve
cell function.

Table 2 also shows the elemental composition and water con-
tent of subcellular compartments from CA1 hippocampal neurons
incubated in control conditions. Mean (6 SEM) dry weight Na,
Cl, Mg, and Ca concentrations (millimoles of element per kilo-
gram) were similar regardless of compartment examined. Com-
partments were distinguished by differences in P, K, and water
content. Mean P and K concentrations were lower in cytoplasm
when compared with mitochondria or nucleus, whereas water
content of cytoplasm was higher than that of the other compart-
ments (Table 2).

Elemental composition and water content of CA1
nerve cells from oxygen/glucose-deprived
hippocampal slices
OGD caused a progressive loss of elemental regulation in cyto-
plasm, mitochondria, and nucleus of CA1 nerve cells that corre-
lated temporally with the onset of DC negative shifts and disap-
pearance of evoked EPSPs. Figure 3 shows that after 2 min of
experimental ischemia, the K content of all compartments was
significantly decreased. Concomitant reductions in Cl, Mg, and P
concentrations were also observed (Table 4), whereas Ca content
of nucleus increased modestly at this time point (Fig. 3). These
early elemental changes coincided with the onset of electrically
evoked failure of EPSPs; i.e., EPSPs disappeared ;1.5 min after
OGD onset. As oxygen/glucose deprivation continued, large neg-
ative shifts in extracellular voltages became more prevalent
(mean of 4.8 6 0.7 min post-OGD initiation) (Table 1). During
the 5–42 min interval, compartmental K (Fig. 3), P, and Mg
(Table 4) losses worsened progressively, whereas Na concentra-
tions (Fig. 3) increased. Cytoplasmic Ca levels increased substan-

Figure 2. Evoked EPSPs were recorded at 1 min intervals throughout a
representative OGD experiment (36°C). A, EPSP waveform evoked by 0.4
msec stimulus of Shaffer collaterals before OGD (1; solid trace), loss of
EPSP and presynaptic fiber volley at end of OGD (2; dotted trace), and
recovery of fiber volley (but not EPSP) 20 min after OGD (3; dashed
trace). B, The maximal EPSP amplitude was plotted throughout a repre-
sentative experiment. In this example, EPSPs were irreversibly lost after
12 min of OGD. Numerals refer to individual traces from A. Note that
with lowered temperature, most slices recovered EPSPs after OGD
(Table 1).
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tially (Fig. 3A), whereas in mitochondrial (Fig. 3B) and nuclear
(Fig. 3C) areas, Ca concentrations increased significantly at 5 min
and then decreased after 12 min of experimental ischemia. Cy-
tosolic water content was significantly decreased after 2 min of
OGD and then returned toward control over the next 10 min,
whereas the water contents of mitochondria and nucleus re-
mained unchanged during 12 min of OGD (Table 4). However, all
compartments exhibited significant increases in percentage water
after 42 min of OGD exposure (Table 4).

To assess the ability of oxygen/glucose-deprived neurons to
recover normal elemental composition and synaptic function,
hippocampal slices were exposed to OGD and subsequently per-
fused with normal oxygenated aCSF superfusion (reoxygen-
ation). Results show that regardless of morphological compart-
ment examined, reoxygenation failed to restore normal elemental
distribution and evoked EPSPs (Fig. 4, Table 1). In fact, the
magnitude of element and water deregulation associated with 12
min of OGD was worsened by 30 min of subsequent reoxygen-
ation (Fig. 4). The OGD/reoxygenation sequence produced levels
of element and water deregulation that were comparable to dis-
ruption induced by 42 min of OGD (Fig. 4). Compartmental Ca
responses to reoxygenation, however, were a notable exception;
i.e., Ca concentrations were significantly higher in reoxygenated
cells when compared with Ca levels of neurons subjected to 42
min of OGD (Fig. 4).

Neuroprotective effects of mild hypothermia
To determine whether hypothermia might be neuroprotective,
nerve cell elemental composition and water contents were deter-
mined in hippocampal slices incubated at 31°C during both oxy-
gen/glucose deprivation (12 min) and subsequent superfusion
with normal aCSF (30 min). Figure 5A shows that when com-
pared with the severe elemental deregulation induced by OGD/
reoxygenation at 36°C, superfusion at 31°C significantly reduced

Table 1. Percentage of slices with DC negative shifts and recovery of EPSPs after oxygen and glucose
deprivation (OGD)

Experimental
condition

Percentage of
slices with DC
negative shift (n)

Onset of DC
negative shift (n)

Evoked EPSP (percentage
of initial EPSP amplitude)

Control 0 (0/9)a 110 6 11c

OGD (2 min) 33 (2/6) 1.0 (2)b

OGD (5 min) 67 (4/6) 1.5 6 0.5 (4)
OGD (12 min) 100 (5/5) 4.75 6 1.3 (5)
OGD (42 min) 100 (8/8) 5.00 6 1.9 (8)
OGD/ROX-36°C 100 (6/6) 5.9 6 0.75 (6) 16 6 8.5
OGD/ROX-31°C 43 (7/7) 8.5 6 0.76 (3) 65 6 16

aRatio in parentheses is number of slices exhibiting DC negative shift per total number of slices in experimental group.
bOnset (mean minutes of oxygen/glucose deprivation 6 SEM) of DC negative shift for those slices (n) exhibiting a shift
during the OGD period. See Materials and Methods for electrophysiological protocol.
cDifferences among treatment and control groups were statistically significant ( p , 0.05; Kruskal–Wallis on rank ANOVA
with Bonferroni correction).

Table 2. Elemental composition and water content of CA1 nerve cells from control incubated and nonincubated hippocampal slices

Na P Cl K Ca Mg Water

Cytoplasm
Incubated control (93) 252 6 11 609 6 35 265 6 17 662 6 32 5 6 1 25 6 4 75 6 1
Nonincubated (61) 1290 6 41* 495 6 18* 823 6 31* 122 6 4* 31 6 5* 7 6 1* 82 6 1*

Mitochondria
Incubated control (46) 321 6 18 776 6 70 351 6 28 739 6 38 3 6 1 29 6 8 63 6 1
Nonincubated (25) 1420 6 68* 525 6 17* 984 6 41* 126 6 6* 51 6 12* 1 6 1* 72 6 1*

Nucleus
Incubated control (29) 232 6 22 758 6 81 254 6 31 807 6 75 6 6 1 31 6 6 62 6 1
Nonincubated (26) 1330 6 46* 458 6 12* 964 6 32* 117 6 4* 26 6 5* 2 6 1* 75 6 1*

Rat hippocampal slices were prepared as described in Materials and Methods and were either frozen immediately without incubation (nonincubated) or were subsequently
incubated in cooled (31°C) aCSF that was subsequently warmed to 36°C. After at least 1 hr at 36°C, incubated slices were superfused with normal, oxygenated aCSF for 0,
12, or 42 min. Compartmental data from these timed control periods (i.e., 0, 12, and 42 min) did not differ statistically and therefore were combined to form a pooled incubated
control. Elemental concentrations from analyses of CA1 nerve cell compartments are expressed as mean millimoles of element per kilogram of dry weight 6 SEM.
Compartmental water contents are expressed as mean percentage water 6 SEM. *Significantly different ( p , 0.05) from incubated control. Numbers in parentheses represent
compartmental analyses per experimental group.

Table 3. Elemental composition of cortical and CA1 nerve cell
cytoplasm

Element Cortical cells CA1 cells

Na 293 6 9 252 6 11
P 516 6 18 574 6 25
Cl 167 6 5 265 6 17
K 600 6 16 662 6 32
Ca 6 6 1 5 6 1
Mg 42 6 2 24 6 3

Data for cortical cells are from Somlyo et al. (1985). Rat cortex was rapidly frozen
in situ by pressing a solid plug of liquid nitrogen-cooled Freon 22 to the exposed
brain surface. Frozen tissue was removed, cryosectioned, and then analyzed by
EPMA. Control CA1 cell data are from the current study (Table 2). Data are
expressed as mean millimoles of element per kilogram of dry weight 6 SEM.
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cytoplasmic Na and Ca accumulation and retarded K loss. In
addition, mild hypothermia modified the derangement of cyto-
plasmic water content and P, Cl, and Mg concentrations normally
associated with reoxygenation (Table 4). Hypothermic incubation
completely prevented reoxygenation-induced mitochondrial Na
and Cl accumulation (Fig. 5B) and truncated K loss and Ca gain;
e.g., in hypothermic conditions mitochondria lost only 22% of
their K content as opposed to an 81% loss during normothermic
reperfusion. Mitochondrial Mg and water contents in hypother-
mic cells did not differ from control, whereas P levels were
decreased modestly (Table 4). Nuclear regions from hypothermic
nerve cells exhibited nearly normal elemental composition and
water content. Dry weight concentrations of Na and Ca were
similar to control, whereas nuclear K was reduced slightly; i.e., K

content decreased only 16% in hypothermic conditions versus an
84% reduction during normothermic reperfusion (Fig. 5C).
Reoxygenation during hypothermia prevented nuclear changes in
Mg and water, although P levels were below control values (Table
4). These improvements in compartmental elemental composition
and water content corresponded to a mean recovery of 65% EPSP
magnitude (Table 1).

DISCUSSION
Effects of OGD on element and water deregulation in
CA1 nerve cells
Oxygen/glucose deprivation produced early-onset loss of synaptic
function and progressive element and water deregulation in CA1
neurons. Within 2 min of OGD, evoked EPSPs failed, and cyto-
plasm, mitochondria, and nuclei exhibited substantial decreases in
K with smaller reductions in Mg, Cl, and P concentrations. Loss
of neuronal K probably occurs secondary to reduced Na1-K1

ATPase activity. The precise mechanism of K1 efflux during
experimental ischemia/anoxia is unknown, although several lines
of evidence implicate membrane leak in conjunction with in-
creased K1 conductance via ionotropic glutamate receptors
(AMPA, NMDA receptors) or through voltage- or ATP-sensitive
K1 channels (Leblond and Krnjevic, 1989; Jiang and Haddad,
1991; Siesjo, 1992; Zetterstrom et al., 1995). Regardless, intran-
euronal K loss is the likely basis of elevated K1

o identified
previously (Hansen et al., 1982; Lipton and Whittingham, 1982;
Enseleit et al., 1984; Murphy and Greenfield, 1992). K efflux
during OGD was associated with decreases in cytoplasmic Cl, P,
and water in all neuronal compartments. More than likely Cl and
P reductions counterbalance cation (K1) loss. At physiological
pH, inorganic P is present in two anionic forms: HPO4

2 and
H2PO4

22, which in conjunction with Cl2 efflux might maintain
electroneutrality. Currently, the mechanism of outward HPO4

2/
H2PO4

22 transport in neurons is unknown. A significant increase
in nuclear Ca content was also an early consequence of experi-
mental ischemia. This selective effect is consistent with previous
studies demonstrating a rapid and large Ca21 rise in nuclei of
glutamate-stimulated or K1-depolarized nerve cells (Hernandez-
Cruz et al., 1990; Przywara et al., 1991; Kocsis et al., 1993).

After 5 min of OGD, and in very close association with the
onset of negative DC shifts, elemental disruption in CA1 nerve
cells worsened. This was particularly evident in cytoplasm where
mean Na and Ca levels rose significantly, whereas Mg and K
continued to decline. These findings support the suggestion that
OGD-induced DC shifts or spreading depression-like depolariza-
tions are principally mediated by increased K1 conductance with
subsequent elevation of extraneuronal K1 (Hansen, 1985; Kat-
sura et al., 1992; Zetterstrom et al., 1995). Our data also show that
an initial loss of transmembrane K1 gradients and depolarization
are linked to an acceleration of general ion disruption (Martin et
al., 1994). Previous hippocampal slice studies have demonstrated
large increases in interstitial glutamate at about this time (Taylor
et al., 1995). Although not measured in the present study, ele-
vated glutamate would produce direct activation of ligand-gated
cation channels and secondary stimulation of voltage-gated chan-
nels. Resulting ion conductances might contribute to or mediate
observed intracellular elemental changes. Mitochondrial Ca ac-
cumulation after 5 min of OGD was twofold higher than that of
either cytoplasm or nuclei, which likely reflects the buffering role
of this organelle (Guenter et al., 1994). Although we did not
attempt to dissect the relative contribution of internal (e.g.,

Figure 3. Mean (6SEM) dry weight Na, K, and Ca concentrations
(millimoles of element per kilogram) in cytoplasm (A3), mitochondria
(B3), and nucleus (C3) of CA1 nerve cells from rat hippocampal slices.
Slices were exposed to oxygen/glucose-deficient aCSF for 2, 5, 12, or 42
min. Zero (0) time 5 pooled control data as presented in Table 2.
Number of analyses per compartment is presented in Table 4. Left
ordinate is concentration scale for Na and K; right ordinate is the Ca
scale. * indicates significantly different ( p , 0.05) from time (0) control.
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release from smooth endoplasmic reticulum) versus external
Ca21 pools to increased mitochondrial Ca content, influx of
Ca21

o appears to be a primary source based on the low intran-
euronal baseline levels versus the magnitude of OGD-induced net
Ca increases. The route(s) of Ca 21

o entry during OGD has not

been identified conclusively, although several studies suggest a
complex interaction among glutamate receptor-coupled Ca21

conductances, voltage-dependent Ca21 channels, and reverse
Na1/Ca21-exchanges (Lobner and Lipton, 1993; Hoyt et al.,
1998).

Table 4. Elemental composition and water content of CA1 nerve cells exposed to OGD or OGD/reoxygenation (OGD/ROX) at 36°C or 31°C

P Cl Mg Water

Cytoplasm
0 min (93) 609 6 35 265 6 17 25 6 4 75 6 1
2 min (47) 528 6 15* 185 6 5* 19 6 1* 71 6 1*
5 min (50) 518 6 9* 234 6 9 9 6 1* 74 6 2
12 min (60) 452 6 10* 324 6 14 2 6 1* 75 6 1
42 min (46) 541 6 21* 432 6 29* 0 6 1* 84 6 1*
OGD/ROX-36°C (72) 439 6 8* 690 6 20* 1 6 0* 83 6 1*
OGD/ROX-31°C (90) 510 6 14* 411 6 24* 13 6 2* 75 6 1**

Mitochondria
0 min (46) 776 6 70 351 6 28 29 6 8 63 6 1
2 min (27) 576 6 22* 202 6 10* 14 6 2* 62 6 1
5 min (29) 615 6 17* 235 6 13* 14 6 2* 63 6 1
12 min (28) 546 6 14* 351 6 22* 2 6 1* 62 6 1
42 min (32) 581 6 33* 447 6 41* 0 6 1* 76 6 3*
OGD/ROX-36°C (48) 502 6 14* 825 6 28* 1 6 1* 79 6 1*
OGD/ROX-31°C (67) 556 6 19* 236 6 17*,** 24 6 2** 65 6 1**

Nucleus
0 min (29) 758 6 81 245 6 31 31 6 6 62 6 1
2 min (16) 615 6 25* 186 6 11 17 6 3* 63 6 2
5 min (20) 558 6 19* 185 6 22 14 6 2* 63 6 3
12 min (19) 490 6 17* 347 6 36 5 6 2* 70 6 3*
42 min (23) 423 6 34* 534 6 50* 3 6 2* 81 6 2*
OGD/ROX-36°C (41) 450 6 45* 760 6 37* 2 6 1* 77 6 1*
OGD/ROX-31°C (42) 580 6 20* 185 6 21*,** 26 6 3** 61 6 1

Slices were incubated in control conditions or were exposed to oxygen/glucose deprivation (OGD) for 2, 5, 12, or 42 min. The (0) time-point represents pooled control data
as described in Table 2. In additional studies, slices were exposed to 12 min of OGD followed by reoxygenation with normal oxygenated aCSF for 30 min at 36°C
(OGD/ROX-36°C) or 31°C (OGD/ROX-31°C). Data are expressed as mean millimoles of element per kilogram of dry weight 6 SEM. Numbers in parentheses represent
analyses per experimental condition. *Significantly different ( p , 0.05) from pooled control; **significantly different ( p , 0.05) from reoxygenation at 36°C.

Figure 4. Mean (6 SEM) dry weight Na, K,
and Ca concentrations (millimoles of element
per kilogram) in cytoplasm (A4 ), mitochon-
dria (B4 ), and nucleus (C4 ) of CA1 nerve
cells from rat hippocampal slices. Slices were
exposed to oxygen/glucose-deficient aCSF
for 12 or 42 min (OGD). To measure changes
in cellular elemental composition during
reoxygenation (ROX ), hippocampal slices
were exposed to OGD for 12 min followed by
30 min of perfusion with normal oxygenated
aCSF (OGD/ROX ). C, Pooled control data as
presented in Table 2. Top graphs present Na
and K data; bottom graphs present Ca data. 1
indicates significantly different ( p , 0.05)
from 12 min (129) OGD data; 2 indicates
significantly different ( p , 0.05) from 42 min
(429) OGD data.
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Continuation of oxygen/glucose deprivation (12–42 min) pro-
gressively intensified Na, K, and Mg changes in all compartments.
Although cytoplasmic Ca accumulation continued at a near lin-
ear pace over the 12–42 min period, Ca levels in mitochondrial
and nuclear regions decreased or remained constant relative to
the 5 min data. The mechanism of truncated mitochondrial Ca
accumulation and abrupt egress is uncertain. It is possible that
this represents Ca21 efflux from mitochondria via extramitochon-
drial Na1-stimulated Na1–Ca21 exchange (White and Reyn-
olds, 1997). Alternatively, Ca loss might be mediated by OGD-
induction of mitochondrial permeability transition (mPT). mPT
is characterized by opening of a proteinaceous inner mitochon-
drial pore with subsequent loss of membrane potential, rapid
Ca21 efflux, and leakiness to K1, Mg21, and other solutes
(Bernardi et al., 1994). A growing body of evidence suggests that
mPT and resulting mitochondrial dysfunction are importantly
involved in ischemic/hypoxic neuronal injury (Guenter et al.,
1994; Kristian and Siesjo, 1996; White and Reynolds, 1996; Kri-
stal and Dubinsky, 1997). Regardless, loss of mitochondrial Ca21

buffering and resulting increased cytoplasmic Ca 21 burden could
contribute significantly to ischemic damage of CA1 nerve cells
(Kristian and Siesjo, 1996).

An exacerbated neuronal Ca21 burden characterizes
reoxygenation injury
Previous research demonstrated a lack of functional synaptic
recovery during post-OGD reperfusion of hippocampal slices
(Balestrino et al., 1989; Boening et al., 1989; Taylor and Weber,
1993; Weber and Taylor, 1994). Similarly, in our study of CA1
cells reoxygenated after 12 min of OGD, evoked EPSPs were
absent and cellular elemental composition was severely disturbed.
Thus, elemental deregulation initiated during OGD worsened
despite restoration of normal oxygen and glucose perfusion. This
severe level of disruption was similar to the extent of element and
water deregulation produced by 42 min of continuous OGD, with
the exception that reoxygenation was distinguished by selective
exacerbation of Ca entry and compartmental accumulation. Nei-

ther the corresponding mechanism nor pathophysiological impli-
cations of this augmented Ca21 entry are fully understood.
However, it should be noted that net mitochondrial Ca accumu-
lation during reoxygenation was substantial and surpassed that of
either cytoplasm or nuclei. Uniporter-mediated Ca21 transport
can dissipate the mitochondrial membrane potential and thereby
interfere with energy production (Guenter et al., 1994). That
mitochondria from reoxygenated neurons are dysfunctional is
suggested by the extent of general elemental disruption and loss
of osmoregulation observed in the present study. Severe mito-
chondrial impairment after post-ischemia recirculation has been
documented previously (Rehncrona et al., 1979; Hillered et al.,
1984; Sims, 1991; Almeida et al., 1995), and injured mitochondria
are considered to be a significant source of reactive oxygen
species that might additionally contribute to neuronal reperfusion
injury (Vlessis et al., 1990; Dykens, 1994; Reynolds and Hastings,
1995; White and Reynolds, 1996). Amplification of cell Ca21

burden and associated mitochondrial dysfunction caused by
reoxygenation might therefore be responsible for, or contribute
to, the inability of neurons to recover from transient OGD
(Young, 1986; Siesjo, 1992).

Calculated neuronal ionic concentrations
Aqueous ionic (millimolar) concentrations of elements can be
calculated from respective EPMA-derived millimoles of element
per kilogram of dry weight and percentage water data (LoPachin
and Stys, 1995; Stys et al., 1997). Thus, when mM concentrations
of major diffusable ions are calculated for control CA1 nerve
cells, results are higher than anticipated; i.e., Na1 5 60 mM, Cl2

5 83 mM, and K1 5 188 mM. A similar discrepancy exists when
ionic concentrations were calculated based on EPMA data from
rat dorsal root ganglion nerve cells (LoPachin et al., 1988).
During OGD and reoxygenation of hippocampal slices, total
intraneuronal elemental content rose progressively but was not
accompanied by compensatory increases in cell water of equal
magnitude (Fig. 3, Table 4). These observations apparently con-
tradict the principle of osmolarity and therefore might reflect

Figure 5. Mean (6SEM) dry weight Na, K,
and Ca concentrations (millimoles of element
per kilogram) in cytoplasm (5A), mitochondria
(5B), and nucleus (5C) of CA1 nerve cells from
rat hippocampal slices. Slices were exposed to
oxygen/glucose-deficient aCSF for 12 min fol-
lowed by incubation with normal medium for
30 min (OGD/ROX ). To assess the potential
neuroprotective effect of hypothermia, aCSF
temperature was maintained at either 36°C or
31°C throughout the ischemic and post-
ischemic periods. C, Pooled control data as
presented in Table 2. Number of analyses per
compartment is presented in Table 4. Top
graphs present Na and K data; bottom graphs
present Ca data. 1 indicates significantly differ-
ent ( p , 0.05) from control (C); 2 indicates
significantly different ( p , 0.05) from reoxy-
genation at 36°C.
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methodological problems such as inaccurate water or element
measurements. However, that EPMA can provide reliable and
accurate information is suggested by a control mean (6SEM)
neuronal water content of 75 6 1% (Table 4), which corresponds
to accepted values (75–80%) (Macknight, 1987). Moreover, re-
cent work in CNS and PNS nerves has shown that EPMA-based
calculations of control axonal resting membrane potentials, free
Na1, K1, and Cl2 concentrations, and corresponding ion equi-
librium potentials are in close agreement with previously pub-
lished results derived by other electrophysiological or analytical
methods (Stys et al., 1997). Because EPMA cannot distinguish
ionic versus bound element, the discrepancy between estimated
and expected ion concentrations for CA1 neurons likely results
from inclusion of a nonexchangeable fraction in calculations of
aqueous ion concentrations. These results also suggest that nerve
soma contains a relatively large bound or ionically inactive frac-
tion of Na, K, and Cl (Brinley, 1967; Woodward et al., 1969;
Brown and Scholfield, 1974), whereas these elements in axons are
primarily ionized (Walker and Brown, 1977).

Hypothermia and neuroprotection
The effects of hypothermia (31°C) on OGD/reoxygenation-
induced CA1 cell elemental disruption were also investigated.
Previous research indicates that moderate hypothermia
(30–31°C) during transient ischemia and reperfusion can modify
associated structural and functional perturbations; e.g., hypother-
mia prevented histopathological changes (Morikawa et al., 1992),
retarded tissue Ca21 accumulation (Mitani et al., 1991), gluta-
mate release (Globus et al., 1988), free radical activity (Globus et
al., 1995), and membrane depolarization (Onitsuka et al., 1998),
and promoted recovery of synaptic potentials (Taylor and Weber,
1993). In our study, incubation of hippocampal slices at 31°C
provided nearly complete protection against neuronal element
and water deregulation induced by OGD/reoxygenation. In addi-
tion, hypothermia mostly preserved postsynaptic potentials. It is
notable that near-normal cellular Mg contents were maintained
during hypothermia because this element is closely associated
with functional viability (Alvarez-Leefmans et al., 1987). For
mitochondria in particular, preservation of Mg has potential
significance because Mg21 moderates both mitochondrial Ca21

uptake and formation of the transition pore (Guenter et al., 1994;
Novgorodov et al., 1994). Regardless, it is not known how hypo-
thermia lessens synaptic dysfunction and ion perturbation in-
duced by OGD/reoxygenation. It is likely that acute neuronal
recovery during hypothermia is facilitated by a reduction in ATP
consumption and cellular Ca21 burden that appears to corre-
spond to preservation of mitochondrial and nuclear ion distribu-
tion and function (Erecinska and Silver, 1994; Globus et al.,
1995). In addition, moderation of elevated cytosolic Ca21 con-
centrations during hypothermia could prevent activation of
calcium-stimulated proteases (calpains) that might play a role in
ischemia-induced neuronal damage (Wang and Yuen, 1994). In-
hibition of nuclear Ca accumulation by hypothermia could also
prevent Ca21 activation of cell-death genes that might mediate
delayed-onset ischemia-induced neurodegeneration (Nitatori et
al., 1995).

Conclusions
In vitro exposure of rat hippocampal slices to experimental isch-
emia produced early (2 min OGD) decreases in intraneuronal
concentrations of K, Cl, P, and Mg. Continued OGD was asso-
ciated with more extensive derangement of subcellular elemental

composition characterized by significantly elevated Na, Cl, and
Ca levels and progressive K and Mg losses. The onset of intran-
euronal elemental disturbance during hippocampal OGD was
temporally correlated to developing cellular morphological alter-
ations and synaptic deficits. This suggests that K1 loss and
Na1/Ca21 gains in deprived CA1 cells are causally linked to
induction of structural and functional perturbations (Hansen,
1985; Choi, 1988, 1995; Lobner and Lipton, 1993; Martin et al.,
1994). Post-OGD superfusion of slices with oxygenated, glucose-
containing media did not promote CA1 cell recovery, and instead
intraneuronal elemental disruption continued to deteriorate. The
observed patterns of ion translocation that characterize reoxygen-
ated individual subcellular organelles (mitochondria, nuclei)
might play a critical role in mediating early and delayed conse-
quences of transient ischemia (Nitatori et al., 1995; Kristian and
Siesjo, 1996; White and Reynolds, 1996, 1997). Regardless, our
findings suggest that hypothermia might be neuroprotective be-
cause of slowing of this ion redistribution and consequential
preservation of subcellular ion composition and organelle func-
tion. The present study has provided detailed, previously unavail-
able data regarding the extent and magnitude of ion deregulation
in OGD/reoxygenation-injured CNS nerve cells. Such informa-
tion represents a basis for refining our understanding of ischemic
nerve injury and for development and testing of potential neuro-
protective strategies.
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