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In vitro ischemia
models have utilized oxygen, or oxygen
and glucose deprivation
to simulate
ischemic neuronal
injury. Combined
oxygen and glucose
deprivation
can induce neuronal
damage which is in part mediated
through
NMDA receptors.
Severe oxygen
deprivation
alone however can cause neuronal
injury which is not NMDA mediated. We tested the hypothesis
that NMDA, or non-NMDA
receptor
mediated
mechanisms
may predominate,
to induce neuronal
injury following
severe oxygen deprivation
depending
on the presence
of glucose.
We found that
NMDA receptor blockade
using dizocilpine
(MK-801), DL-2amino-5-phosphonovaleric
acid (APV), or CGS 19755, was
highly effective in reducing
CA1 injury in organotypic
hippocampal
cultures,
caused by complete
oxygen and glucose deprivation.
Complete oxygen deprivation
alone however, caused CA1 neuronal
injury which was not diminished using NMDA receptor blockade alone with MK-801 or
APV, or in combination
with AMPAlkainate
receptor blockade using 6-cyano-7-dinitroquinoxalone-2,3-dione
(CNQX).
Neuronal
protective
strategies
which act primarily through
non-glutamate
dependent
mechanisms,
including
hypothermia,
low chloride
and calcium,
and the free radical
scavenger,
a-phenyl-tert-butyl
nitrone (PBN), provided neuronal protection
against complete
oxygen, as well as combined oxygen/glucose
deprivation.
Raising the pH using
Hepes buffer during complete
oxygen deprivation
did not
result in neuronal
protection
by NMDA receptor
blockade.
Partial oxygen deprivation
alone, partial oxygen deprivation combined
with glucose deprivation,
glucose deprivation alone, and also glutamate
exposure,
all produced
neuronal damage that was reduced
by NMDA receptor
blockade. The presence of glucose during complete
oxygen deprivation
appears to prevent glutamate
receptor
blockade
from reducing
neuronal
injury in organotypic
hippocampal
cultures.
[Key words: glutamate,
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ischemia,
hypothermia,
organotypic
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There is strong evidence that glutamate, which is known to be
neurotoxic, contributes to ischemia induced neuronal injury
(Buchan, 1990; Choi, 1990; Meldrum, 1990; Seisjo, 1992). In
viva studieshave shown increasesin extracellular glutamatein
the brain during transientforebrain ischemia,and alsofollowing
head injury (Benveniste et al., 1984; Faden et al., 1989; Katayama et al., 1990). Interruption of glutamatergicneuronal connections to hippocampalCA1 cells prior to transient forebrain
ischemiacan provide protection againstCA1 ischemicdamage
suggestingthat synaptic releaseof glutamate plays a role (Johansenet al., 1986; Ondera et al., 1986; Jorgensonet al., 1987).
Moreover, glutamate receptor blockade of the NMDA and the
non-NMDA subtypescan reduceneuronaldamagefollowing focal ischemia(German0 et al., 1987; Meldrum, 1990) and transient forebrain ischemia(Gill et al., 1987; Buchan et al., 1991).
Recently, however, NMDA antagonistshave not prevented CA1
damagefollowing transient forebrain ischemiawhen the experiments were controlled for temperature(Buchan, 1990; Buchan
and Pulsinelli, 1990). Glutamatereceptor blockadecan alsoprotect dissociatedneuronalculturesfrom damageinducedby combined oxygen and glucose deprivation (Goldberg and Choi,
1993; Kaku et al., 1993).
The evidence for glutamate mediated damagefollowing oxygen deprivation alone, is less convincing. Some investigators
have reported reducedneuronal injury from oxygen deprivation
using glutamate antagonistsin dissociatedcell cultures (Goldberg et al., 1987; Marcoux et al., 1990) or in acutely prepared
hippocampalslices (Clark and Rothman, 1987). Other investigators have reported that glutamate receptor antagonistsdo not
effectively reduce neuronal damagefollowing oxygen deprivation alone (Aitken et al., 1988; Lipton and Lobner, 1990; Schurr
and Rigor 1992; Friedman and Haddad, 1993; Haddad and
Jiang, 1993). Theseprevious studiesraisethe possibility that the
nature and severity of the insult.which is usedto causeenergy
deprivation in thesemodelsmay activate glutamateor non-glutamate receptor dependentmechanismswhich in turn lead to
neuronal damage.
We utilized organotypic hippocampalslice cultures to examine neuronal protection from different severitiesof oxygen and
or glucosedeprivation. This model utilizes brain slices,prepared
from the hippocampalformation of neonatalrats which are then
maintained in a culture system for several weeks (Gahwiler,
1981; Newell et al., 1990; Vornov et al., 1994). Hippocampal
slice cultures retain much of the anatomy, synaptic circuitry, and
neurotransmitterreceptors as the intact hippocampus(Zimmer
and Gahwiler, 1984; Gahwiler, 1984, 1988; Vornov et al., 1991;
Torp et al., 1992). These mature cultures are then deprived of
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Table 1. Concentrations of ions in solutions used for oxygen and
glucose deprivation (mM)

Sodium
Potassium
Chloride
Sulfate
Calcium
Magnesium
Phosphate
Glucose
Sucrose
Bicarbonate
Gluconate

HBSS
with
glucose

without
glucose

Low chloride, no
calcium
with
without
glucose
glucose

142
5.3
145
0.4
1.3
0.9
0.6
33.6
29
4.0
0

142
5.3
145
0.4
1.3
0.9
0.6
0
63
4.0
0

143
5.3
5.5
0.4
0
0.9
0.6
33.6
29
4.0
139

143
5.3
5.5
0.4
0
0.9
0.6
0
63
4.0
139

indicate the ionic concentrations of the solutions used during exposure of
the cultures to different insults. Additional oxygen deprivation experiments
described were performed in HBSS with glucose, using a lower glucose concentration (5.6 imr) and a higher sucrose concentration (57 mM) than the concentrations described above.
Data

0

5

Time

10

(minutes)

Figure 1. Example of the time course of the oxygen concentration
measured at the membrane surface containing the hippocampal slice
cultures, using a Clarke oxygen microelectrode. The units are given in
percent oxygen concentration. The meter was set to zero in 100% nitrogen, and then calibrated at 20% in room air. The measurement at
oxygen and or glucoseand subsequentcell deathcan be assessed time = 0 was taken in room air, and the first subsequent measurement
was taken 1 min after transfer into the anaerobic chamber.
(Newell et al., 1990, 1995; Hsu et al., 1994).

We found a strong neuroprotective effect of NMDA receptor
blockade on CA1 damagein organotypic hippocampalslice cultures, following combined oxygen and glucose deprivation;
however, no protective effect of NMDA, and/or AMPAikainate
receptor blockade following severe oxygen deprivation alone.
We also studied the effects neuroprotective strategiesincluding
hypothermia, decreasedextracellular chloride and calcium concentration, and a free radical scavengerc.w-phenyl-tert-butylnitrone (PBN), on neuronal damageinduced by oxygen deprivation alone, and combined oxygen and glucose deprivation. In
addition we examinedpotential role of pH in mediating the lack
of effectivenessof NMDA blockade in reducing neuronalinjury
following severe oxygen deprivation.

inverted fluorescent microscope to verify that the cultures were healthy
prior to insult exposure. Animals were cared for according to the guidelines of the University of Washington animal care committee.
Preparation of compounds. The NMDA antagonists MK-801, APV,
and the AMPA/kainate receptor antagonist CNQX were obtained from
Research Biochemicals Inc., Natick, MA. The competitive NMDA antagonist CGS 19755 (Lehmann et al., 1988) was kindly provided by
Ciba Geigy. a-Phenyl-tert-butyl nitrone (PBN) was obtained from Sigma Chemical, St. Louis, MO. The compounds were prepared as a 10
mu solutions in glucose-free HBSS except CNQX which was prepared
as a 5 mu solution. It was necessary to dissolve it first in basic conditions and then back titrate it to a neutral pH. Each compound was
added to the buffer before the insult and to the culture medium that was

Materials and Methods
Preparation of cultures. Organotypic cultures of the hippocampus were
prepared according to the method of Stoppini et al. (1991). Hippocampal slices were prepared from 4-7 d old neonatal rats (Sprague-Dawley;
Bantin and Kingman Inc., Fremont, CA) by removing the brain, dissecting the hippocampal formation and making transverse slices (400500 pm) using a McIlwain tissue slicer. Slices were then placed in Gey’s
balanced salt solution supplemented with glucose (final concentration
6.5 mg/ml, or 33.6 mu), for 1 hr at 4°C. Individual slices were then
transferred to 28 mm sterile transparent Anocel membranes (Whatman
Inc., Clifton, NJ). Membranes were placed in 6 well culture trays with
1.5 ml growth medium consisting of 50% MEM (GIBCO Laboratories,
Grand Island, NY) supplemented with Hepes and sodium bicarbonate,
25% Hanks’ balanced salt solution, 25% horse serum, and glucose to a
final concentration of 6.5 mg/ml. The cultures were then grown at
36.5”C, 90-100% humidity, 5% CO,. Antibiotics were not added to the
medium. The culture medium was changed every 2 d. All cultures used
in this study were grown for lo-14 d in vitro, and only those cultures
with dentate, CAl, and CA3, were used. Propidium iodide (PI) (Sigma
Chemical Co., St. Louis, MO), which rapidly enters cells with damaged
membranes and becomes brightly fluorescent after binding to nucleic
acids, was added (0.5 p&ml) to the culture medium as an indicator of
neuronal death during the experiment. By itself, PI is non toxic to neurons and has been used as an indicator of neuronal membrane integrity
and cell viability(Macklis and Madison, 1990). After 24 hr, the cultures
were examined using a Nikon Diaphot (Nikon Corp. Tokyo, Japan)

Figure 2. Illustration of the method of calulation of percent fluorescence of propidium iodide in CA1 as an index of cell damage. A detailed description of the imaging procedure is provided in the Materials
and Methods section.
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Figure 3. Comparison of cell counts to PI imaging to assess CA1 damage. Illustration of a control hippocampal slice culture (no insult). A, Low
power; B, high power of intact CA1 pyramidal cells. Culture 2 d after exposure to 50 min of oxygen and glucose deprivation. A, Low power; B,
high power of dead CA1 pyramidal cells demonstrating pyknotic nuclei, and loss of cytoplasmic architecture. Scale bars: 100 pm in lA, 2A; 500
pm lB, 2B). C, Propidium iodide fluorescence of slice cultures 2 d after exposure to either (upper) no insult, or (lower) 50 min of oxygen and
glucose deprivation. DG, dentate gyms. D, Regression analysis illustrating the results of a comparison between the cell counting method and the
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used for the incubation following the insult, as small aliquots to give
the final concentrations described. For the dose-response curve, a 10
mM stock solution of MK-801 was progressively diluted in glucose-free
HBSS.
Induction oj’neuronal damage using various insults. Insults were induced using previously described methods (Newell et al., 1990, 1995).
The cultures were rinsed 3X in glucose-free, or glucose containing
HBSS, and then placed in 1.5 ml of HBSS without glucose for the
oxygen/glucose deprivation, or in HBSS with glucose for oxygen deprivation. All HBSS solutions were adjusted to the same molarity with
sucrose. For the low chloride low calcium experiments, calcium was
omitted from the HBSS and sodium gluconate was used instead of sodium chloride. The composition of the solutions used is given in Table
1. Drug or vehicle were added IO-15 min before exposure to the insult.
The temperature of each individual culture well was confirmed to be at
37°C with an electronic thermometer, and was carefully controlled to
be equivalent in all cultures, to ensure that the results were independent
of changes in temperature. For the hypothermia experiments, the temperature of the cultures was maintained at 33.O”C during initial transfer
to the HBSS, and during the exposure to the insult. Following the insult,
the cultures were then placed in growth medium which had been
warmed to 37°C and were incubated at this temperature for 4048 hr
until imaging.
The cultures were transferred into an anaerobic chamber (Forma Scientific) which was preequilibrated to 37°C and had an atmosphere of
0% oxvgen. 10% hvdrogen 5% CO,, and 85% nitrogen. The hvdrogen
was present for interacti& with a palladium catalyst-which maintained
the oxygen concentration at 0%. An oxygen meter which utilized a
Clarke microelectrode was present at all times to confirm anoxic conditions. Following equilibration in the medium, (for 10 min) the culture
tray was placed in the anaerobic chamber at 37°C for 35 min. Figure 1
illustrates the measurement of the time course of the oxygen level at
the interface membrane which contains the cultures.
Upon removal of the tray from the anaerobic chamber, membranes
were transferred to prewarmed growth medium containing drug or vehicle in the same concentrations used for pretreatment. The growth medium also contained propidium iodide at a final concentration of 0.5pg/
ml. The cultures were transferred back to a CO, incubator at 36.5”C for
40-48 hr before they were evaluated for cell death.
In cultures exposed to glutamate, either MK-801 (30 FM) or an equivalent amount of buffer was added to the culture medium, 10 min before
addition of glutamate. Glutamate was then added at a final concentration
of 10 mM and incubated at 37°C for 30 min. The cultures were then
removed from this medium, rinsed, and placed in fresh growth medium
containing PI and either MK-801 or buffer. The cultures were then
transferred back to the CO, incubator at 36.5”C for 4048 hr before
they were evaluated for cell death, using PI fluorescence.
Assessment of cell death by image analysis using PI. The intensity
of propidium iodide fluorescence in the CA1 subfield of the cultures
was used as an index of cell death. The first measurement of fluorescent
intensity was performed between 40-48 hr, following the initial insult.
The cultures were examined using a Nikon Diaphot inverted fluorescent
microscope. Fluorescent images were obtained using a Dage 72 CCD
camera (Michigan City, IN),-and were digitized, using OPTIMAS image
analvsis software (Bio-Scan, Inc., Edmonds, WA) running under Microsoft WINDOWS.
Forty to 48 hr after the initial “ischemic? insult, the
remaining neurons were killed by exposing the cultures to 3 hr of anoxia. The fluorescent intensity, 24 hr after 3 hr of anoxia, was set equal
to 100% damage to CAl, and was then compared to the fluorescent
intensity following the initial insult. The integrated gray value (the numerical value for the fluorescent intensity) in the region of interest
(ROI) was calculated by the computer and was used as an index of
100% toxicity. Computer analysis of each image was performed by
creating an ROI around the CA1 pyramidal cells 24 hr after anoxia
exposure (Fig. 2). The images from the same culture taken at 48 hr
following the insult were then recalled and analyzed by superimposing
the ROI which had been created from that identical region following
the 3 hr anoxia exposure. The integrated gray values (fluorescent inten-
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sity) from the CA1 subregion following the initial insult were then
expressed as a percentage of the value obtained following 3 hr of anoxia. The values were averaged for each group and compared. All values were expressed as mean & SEM. Statistical analysis of the results
was performed using Student’s t test and the Mann-Whitney test with
Bonferroni correction for multiple comparisons where appropriate. Significant differences were considered at the p value cO.05.
Comparison of PI jluorescence and histological analysis for quantijication of neuronal injury. We compared the results of histologic evaluation of neuronal damage to the amount of neuronal damage determined by the computerized imaging system in order to examine the
validity of the quantification method used in this study. Groups of cultures were randomized to be assessed by either histologic evaluation or
calculation of percent fluorescence using computerized imaging of propidium iodide staining (12 cultures in each group). Parallel groups of
cultures were then exposed to either no insult, or 30, 40, or 50 min of
anoxitihypoglycemia in HBSS to achieve varying degrees of neuronal
damage. The cultures were then incubated in growth medium with PI
for 2 d (40 hr). All of the cultures were then imaged using the inverted
fluorescent microscope, digitized, and then stored for analysis. The
groups for histology were then fixed in 5% paraformaldehyde in phosphate-buffered saline, transferred to glass cover slips and then stained
using cresyl violet stain. The groups for percent fluorescence were
placed in anoxic conditions at 36.5”C for 3 hr. These cultures were then
reimaged 24 hr after the anoxic exposure.
The CA1 region of each culture was examined using light microscopy. Dead pyramidal neurons were identified by characteristic pyknotic
nuclei and disappearance of the normal cytoplasm and cellular architecture (Brown and Brierly, 1972). A quantitative analysis of cell death
in the CA1 region of each culture was performed using a modification
of the sampling method described by Bolender et al. (1991). Multiple
high power fields were examined and internal cursors were used to
delineate the cells to be counted in multiple samples of each CA1 region. The number of dead cells was divided by the number of dead and.
live cells, and multiplied by 100 to yield a percentage of dead cells in
each sample. This process was repeated for each of the cultures and the
results were averaged within each group, exposed to the different durations of the insult. The percentage of dead cells derived using the cell
counting method was then compared to the percent fluorescence obtained using the computerized imaging system, in parallel groups of
cultures exposed to the same insults, using regression analysis. The
correlation between PI fluorescence and cell counting was also performed using severe oxygen deprivation with glucose (5.6 mM and also
at 33.6 mM), to cause CA1 damage.
pH measurements. The pH was measured in the HBSS in each culture
well in groups of cultures in the anaerobic chamber immediately following the standard exposure to complete oxygen and also oxygen/
glucose deprivation. The pH in the HBSS containing glucose was slightly lower 6.63 ? 0.055 versus 6.77 ? 0.083 in the HBSS without glucose @ = 0.04 using t test). Measurements were performed using a
calibrated pH microelectrode (Physitemp, Clifton, NJ) and pH meter
(Beckman Instruments, Fullerton, CA). In a separate set of experiments,
10 mM Hepes buffer was added to portions of HBSS with and without
glucose. The pH was adjusted to 7.4 prior to anoxic exposure and then
measured again in each of the culture wells following exposure as described above.

Results
Comparison
of PI jluorescence
and histological
analysis
The evaluation of CA1 damage 2 d after a graded severity of
combined oxygen and glucose deprivation
was performed by
either the cell counting method or the PI fluorescence method
as described above. Regression analysis revealed a strong significant correlation between the two assessment methods (r =
0.99, Y = 2.46 + 0.97x, p = 0.002) (Fig. 30). The results
showed a similar correlation between PI fluorescence and his-

t
computerized image analysis of propidium iodide fluorescence to determine the extent of CA1 damage. Groups of cultures were exposed to either
no insult (control) or 30, 40, or 50 min of oxygen and glucose deprivation. Half of the cultures in each group (n = 24 for each group) were
evaluated by the cell counting method, and half were evaluated using PI fluorescence. Error bars represent SEM of cell count values (horizontal)
and % fluorescence (vertical). Dotted lines represent 95% confidence intervals. r = 0.99, Y = 2.46 + 0.97.x, p = 0.002.
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ysis revealed the following significant correlation; r = 0.99, Y
= 2.03 + 1.0x, p = 0.001.
Oxygen deprivation with 5.6 mrvrglucosepresentcausedCA1
damageindicated by percent dead cells and PI fluorescenceas
follows: after no anoxia 0 2 0% dead cells, 0 +- 0% PI fluorescence,after 30 min anoxia 18.1 t 2.0% dead cells, 17.6 +
6.3% PI fluorescence,after 35 min, 72.6 2 3.6% dead cells,
69.6 + 10.3% PI fluorescence,and after 55 min, 100 rt 0%
dead cells, 98.4 ? 2.8% PI fluorescence.Regressionanalysis
revealedthe following significant correlation; r = 0.99, Y = 0.3
+ 1.0X,p = 0.0002.
Complete

0

.Ol

.l

1

10

100

MK-801 Concentration (uM)
Figure 4. Dose-response curve showing the concentration-dependent
reduction in neuronal injury seen with MK-801 on cultures exposed to
complete oxygen and glucose deprivation (anoxiakypoglycemia)
for 35
min. (**, p < 0.01 using Mann-Whitney CJtest with Bonferroni correction. Control cultures compared to all others, n = 8 for each group.)

tological damagewhen oxygen deprivation with glucosepresent,
at concentrationsof 33.6 mu and also5.6 mu, wasusedto cause
the CA1 damage.Oxygen deprivation with 33.6 tmvr glucose
presentcausedCA1 damageindicated by percent deadcells and
PI fluorescenceas follows: after no anoxia 0 -C0% dead cells,
0 t 0% PI fluorescence,after 30 min anoxia 22.0 + 8.4% dead
cells, 25.5 t 2.9% PI fluorescence,after 35 min, 57.9 ? 4.7%
dead cells, 53.9 t 9.4% PI fluorescence,and after 55 min, 100
t 0% deadcells, 99.3 ? 1.8% PI fluorescence.Regressionanal-

Figure 5. Examples of the effect of
MK-801 on neuronal damage in hippocampal slice cultures in response to
35 min of oxygen and glucose deprvation (anoxitiypoglycemia)
or oxygen
deprivation alone (anoxia). Illustrations
of propidium iodide fluorescence 2 d
after oxygen and glucose deprivation in
a control culture (upper left), in the
presence of 30 p,M MK-801 (lower left.
Illustrations of propidium iodide fluorescence 2 d after complete oxygen deprivation with glucose (33.6 mu) present in a control culture (upper right),
in the presence of 30 PM MK-801
(lower right). DG, Dentate gyms (white
line along the bottom of the cultures is
the edge of the glial envelope).

oxygen

+ glucose deprivation

NMDA receptor blockade was protective against delayed neuronal degenerationfollowing severe oxygen (0%) plus glucose
deprivation for 35 min. MK-801 showed CA1 protection in a
dose-dependentmanner (Figs. 4, 5). APV (300 FM) and CGS
19755 (100 FM) also provided significant protection from this
insult (Table 2). We then investigated the protective effects of
several other neuroprotective treatments,and also found significant protection againstCA1 damage.Thesetreatmentsincluded
reducedtemperature(33°C) during the insult (hypothermia), reduced calcium and chloride in the HBSS during the insult (low
calcium, low chloride, composition given in Table l), and also
treatment with the spintrapping free radical scavengerPBN (100
PM)
(Table 2). All of thesetreatmentsprovided significant neuroprotection againstCA1 damage.
Complete

oxygen deprivation

(anoxia)

Complete oxygen deprivation for 35 min, produced by placing
cultures in anaerobicconditionswith glucosepresent(33.6 mu),
caused damage to CA1 neurons which was not blocked by
NMDA receptor blockade with MK-801 (30 FM) or APV (300
pM)
(Fig. 5, Table 3). The sameinsult for a shortertime period
(30 min) produced lessneuronal damage,and for a longer time
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MK-801,
APV, 300
CGS-19755,
100

30

FM

p value

70.1

<O.OOl
co.01

2 9.7

97.7

? 3.7

14.1 t- 6.8
25 ? 11.8
40.3 + 11.9

92.2

+ 8.5

18.9 + 9.6

<O.OOl

? 9.2
k 13.3

33°C
1.1 ? 0.77
15.5 + 8.9

<O.OOl
0.04

73.2 ? 11.1

PM
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Table 2. Effect of neuroprotective strategies on CA1 damage (%
fluorescence) induced by complete oxygen and glucose deprivation
Control
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37°C
78.8
50.4

100 kM

-o-A-

Data illustrate the effect of neuroprotective
strategies in reducing the percentage fluorescence, used as an indicator of neuronal damage, in the CA1 region
of the hippocampal
slice cultures caused by severe oxygen and glucose deprivation. The NMDA
antagonists MK-801,
APV, CGS-19755,
and also hypothermia, low chloride and low calcium in the buffer during the insult, and the
free radical spin trapping compound PBN all provided significant protection to
CA1 against damage from this insult (Student’s f test) (all values given as mean
+- SEM; n = 12 for each group).
25

30

80

T

t
60

66.4
43.0

+ 9.2
2 13

67.9
63.1

+ 9.3
2 8.9

0.88
0.17

CNQX,300

52.2

? 10

64.0

2 6.3

0.21

57.9

+ 9.4

73.6

? 8.7

0.14

89.0

+ 1.9

79.2

+ 5.5

0.1

PM

:---il

i
q
0

CNQX,300

FM

40
PI

0
.L!
E

APV, 300 ~.LM +
MK-801,

p” = 7.08 +/- .009

P

p value

PI, = 7.14 +,- 014
i = 7.14 +/- .015
20

low calcium
Hypothermia
PBN, 100 PM

PM

0

92.6

t

8.5

65.6
49.6

-t 9.7
+ 11.6

21.6

t

3.6

6.0 2 1.9
5.7 2 3.2

+ Hepes
+ Hepes

-o--Control
--o-MK-801

30 PM +

CNQX,300
Low chloride,

p" = 7.09 +/- .009

/t

5

Table 3. Effect of neuroprotective strategies on CA1 damage (%
fluorescence) induced by complete oxygen deprivation

MK-801, 30 yM
APV, 300 FM

45

B

8

Treated

40

Time in Anoxic Conditions (minutes)

period (40 min) produced more neuronal damage and neither
were affected by NMDA receptor blockade using MK-801
(30
PM) (Fig. 6A). The AMPA/kainate
receptor antagonist CNQX
(300 PM), was also not neuroprotective
against this insult when
administered alone, or in combination
with MK-801 (30 FM) or
APV (300 PM) (Table 3).
To ensure that the high glucose used in the culture medium
(33.6 tnM) was not responsible for the lack of protection seen
with NMDA receptor blockade, we performed an additional experiment with the glucose reduced from 33.6 mM to a more
physiological
concentration,
5.6 mu, in the HBSS during the
complete oxygen deprivation. Under these conditions, MK-801
(30 PM) still did not provide any protection against two different
severities of neuronal damage induced by complete oxygen de-

Control

35

Control
MK-801

30

40

<O.OOl

<O.OOl

Time in Anoxic Conditions (minutes)

0.003

Data demonstrate the effect of neuroprotective
strategies in reducing the percentage fluorescence,
used as an indicator of neuronal damage, in the CA1
region of the hippocampal
slice cultures caused by severe oxygen deprivation,
with glucose present (33.6 mM). In contrast to the protective effect seen with
oxygen and glucose deprivation,
glutamate receptor blockade using the NMDA
antagonists MK-801
or APV, alone or in combination
with the AMPA/kainate
receptor antagonist CNQX, did not reduce neuronal damage caused by severe
anoxia. There was also no reduction in anoxia-induced
CA1 damage by CNQX
alone. Hypothermia,
low chloride and low calcium in the buffer during the
insult, and the free radical spin trapping compound PBN all provided significant protection to CA1 against damage from this insult (Student’s t test) (all
values given as mean 2 SEM; n = 12 for each group).

Figure 6. Effect of MK-801 on complete oxygen deprivation with
glucose (33.6 mM) present. A, MK-801 (30 PM) does not prevent damage of varying severity to CA1 produced by exposure to complete oxygen deprivation (anoxia) for 30, 35, and 40 min, in HBSS with bicarbonate buffer only. B, There was also no significant effect of MK-801
(30 PM) 30, or 40 min of complete
oxygen
deprivation
in HBSS with
bicarbonate
and 10 mM Hepes buffer
which was initially
adjusted
to

pH 7.4. The pH values shown on the illustration were those measured
in the culture

wells

at the end of the anoxic

significantly different using Mann-Whitney
rection.

n = 12 each group).

exposure

(values

were

not

U test with Bonferroni cor-
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Table 4. Effect of NMDA receptor blockade on CA1 damage (%
fluorescence) induced by partial substrate deprivation and
glutamate exposure
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Insult and exposure time
Partial oxygen deprivation
(4% 0, with ilucose
present, 2 hr)
Partial oxygen and complete
glucose deprivation
(4% 0, without glucose,
1 hr)
Glucose deprivation
(no glucose, 2.5 hr)
Glutamate exposure
(10 mM glutamate,
30 min)

-O-Control
-AMK-801

I

I

35 Minutes

Figure 7. Effect of MK-801 (30

40 Minutes

on CAI damage caused by complete oxygen deprivation at two different severity levels (35 and 40
min) with 5.6 mM glucose present. There is no significant difference at
either level of injury 0, = 0.71 at 35 min, p = 0.85 at 40 min, by t
test). The results indicate that the lack of protection by NMDA receptor
blockade against severe oxygen deprivation cannot be explained by the
higher glucose concentration used in the other experiments.

privation

FM)

for 35 or 40 min (Fig. 7). These results indicate

that

the higher glucoseconcentration is not responsiblefor the lack
of protection by NMDA blockade. We also tested CNQX for
protective effect against damageby complete oxygen deprivation (between35 and 40 min) with 5.6 tTIM glucosepresent,and
found no significant protection (controls = 81.44 2 7.8% , 300
PM CNQX
= 91.3 2 1.9% fluorescence,n = 10, p = 0.12).
Since we did not find any protection againstcompleteoxygen
deprivation using glutamate antagonists,we then examined the
effects of other neuroprotective strategieswhich act primarily
through non-glutamatedependentmechanisms.As with oxygen
plus glucosedeprivation, hypothermia (33”(Z), low calcium and
chloride, and the free radical scavengerPBN (100 PM) all provided significant protection againstcompleteoxygen deprivation
(Table 3).
NMDA receptor function is inhibited by low pH (Tang et al.,
1990; Kaku et al., 1993). Extracellular pH typically was about
6.5 with completeoxygen deprivation, and could potentially account for the lack of NMDA mediated protection against this
insult. We therefore supplementedthe HBSS with 10 ITIM Hepes
buffer, which was adjustedto pH 7.4, to determine if NMDA
receptorblockade would provide neuronalprotection againstanoxia at a higher pH. There was also no protection provided by
MK-801 (30 PM), againsttwo severity levels of damageinduced
by completeoxygen deprivation (glucose,33.6 ITIM), when tested at pH = 7.4 (all culture wells were adjustedto pH = 7.4
prior to oxygen deprivation). The pH values in the buffer following anoxic exposure, and values for the damagein control
and treated cultures are shown in Figure 6B.
Previousreportshave indicated that NMDA receptor blockade
hasbeen effective in providing neuronalprotection againstpartial oxygen deprivation (Goldberg et al., 1987; Marcoux et al.,
1990). Since the present experiments and reports by other investigators(Aitken et al., 1988; Lipton and Lobner, 1990; Freidman and Haddad, 1993) have indicated that NMDA antagonists

% CA1 damage
MK-801
Control
(30 PM)

p value

56.0 2 8.8

22.0 k 8.6

52.0 t 13.2

9.9 L 5.7

0.007

61.7 2 6.7

11.5 2 8.2

<O.OOl

47.3 + 8.4

8.5 -c 2.0

<O.OOl

0.01

Data demonstrate the significant protective effect of NMDA receptor blockade
using MK-801
in reducing the percentage fluorescence, used as an indicator of
neuronal damage, in the CA1 region of the hippocampal
slice cultures caused
by partial oxygen deprivation
(4% 0,) without and with glucose (33.6 ITIM),
glucose deprivation
with oxygen present, and exposure to glutamate (10 mM)
for 30 min (Student’s t test) (all values given as mean t SEM; n = 12 for
each group)

are ineffective in reducing neuronal injury from severe oxygen
deprivation, we studied the effect of NMDA receptor blockade
on neuronal injury induced by partial oxygen deprivation. We
exposedthe hippocampalslice culturesto a longer period of less
severe oxygen deprivation in order to produce an equivalent
degree of injury causedby 35 min of complete oxygen deprivation.
Partial oxygen deprivation (hypoxia)
Partial oxygen deprivation produced by placing cultures in an
environment of 4% oxygen, in glucose containing HBSS, required 2 hr of exposure time to produce significant neuronal
damagein CAl. Blockade of NMDA receptors using MK-801
(30 FM) significantly reduced neurotoxicity in CA1 causedby
this insult (seeTable 4).
We then examined the effect of NMDA receptor blockade on
CA1 damagecaused by partial oxygen deprivation combined
with glucose deprivation, as well as glucose deprivation alone,
and also damagecausedby addition of glutamate.
Glucosedeprivation with partial oxygen deprivation
Partial oxygen deprivation, using 4% oxygen, combined with
complete glucose deprivation required only half the exposure
time (1 hr) to produce equivalent damage to CA1 neurons as
the samelevel of oxygen deprivation with glucosepresent.Exposureto this insult for 1 hr producedneuronal degenerationin
CAI. Significant neuronal protection was observed in the presence of MK-801 (30 PM), indicated by a marked reduction in
CA1 fluorescence(seeTable 4).
Glucosedeprivation
Deprivation of glucoseproduced by incubating the cultures in
glucosefree medium required 2.5 hr also produced CA1 damage. There was also prominent dentate damageobserved with
this insult. Blockade of NMDA receptorswith MK-801 (30 PM)
significantly reduced fluorescencein CA1 (seeTable 4).

The

Glutamate toxicity
Addition of glutamate (10 mM) to the culture medium for 30
caused marked neuronal damage to all the hippocampal subfields, when examined 4048 hr later. Blockade of NMDA receptors using MK-801 (30 pM) significantly reduced delayed
fluorescence in CA1 caused by the glutamate (see Table 4).
Discussion
These results indicate that there are different mechanisms that
produce neuronal damage during severe anoxia in the presence
or absence of glucose. Glutamate receptor mediated neurotoxicity appears to be an important component of neuronal injury
under in vitro conditions when neurons are deprived of oxygen
and glucose. With severe oxygen deprivation in the presence of
glucose however, neuronal injury occurs which is not prevented
by glutamate antagonists, but can be prevented using other strategies which provide neuroprotection primarily through other
mechanisms.
These findings are in agreement with previous findings from
other laboratories using dissociated neuronal cultures, or acutely
prepared hippocampal slices. NMDA receptor antagonists have
not been found to provide neuroprotection in these models
against severe oxygen deprivation (Aitken et al., 1988; Lipton
and Lobner, 1990; Friedman and Haddad, 1993). but do provide
protection against combined oxygen and glucose deprivation
(Newell et al., 1990, 1995; Goldberg and Choi, 1993; Kaku et
al., 1993; Vornov at al., 1994). NMDA receptor blockade is
ineffective in preventing intraneuronal calcium accumulation,
which is associated with delayed neuronal death (Seisjo and
Bengtsson, 1989; Hartly et al., 1993) due to severe anoxia
alone. Lipton and Lobner (1990) also showed in acutely prepared hippocampal slices exposed to complete oxygen deprivation, that NMDA receptor blockade failed to block increases in
intracellular calcium levels. Using dissociated cell cultures,
Friedman and Haddad (1993) found that severe anoxia caused
a rapid increase in intracellular calcium in neurons which was
also not prevented by combined NMDA and non-NMDA receptor blockade using MK-801 and CNQX. NMDA antagonists are
reported to reduce neuronal damage produced by extremely long
exposures (8 hr) to low oxygen (Goldberg et al., 1987). Due to
the experimental design of this study, in which the neuronal
cultures were submerged in buffer, it was stated that initial oxygen deprivation was probably partial. We have also found a
delay (15-20 min) in the reduction in oxygen concentration in
cultures submerged.in 1.5 ml of buffer (data not shown). However, no delay was observed in this study, when interface cultures were used (Fig. 1). Similarly, Marcoux et al. (1990) demonstrated that NMDA receptor blockade reduced calcium accumulation in dissociated neurons exposed to a 1% oxygen environment for 5 hr. These results are consistent with our finding
that NMDA receptor blockade can protect neurons against oxygen deprivation alone of reduced severity (4% oxygen for 2 hr
in the present study).
The mechanism responsible for the different protective effects
of NMDA receptor blockade against neuronal damage produced
by severe oxygen deprivation alone and severe combined oxygen and glucose deprivation, is unclear. The two insults cause a
similar degree of injury in this system. Increased intracellular
calcium is thought to play an important role in the pathogenesis
of ischemic neuronal damage (Andine at al., 1988; Seisjo and
Bengtsson 1989; Lobner and Lipton 1993). It has been proposed
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that NMDA antagonists cannot effectively prevent increased intracellular calcium in severe ischemia due to massive neuronal
depolarization and ATP depletion (Wieloch et al., 1989; Seisjo,
1992). Under these circumstances, calcium may enter cells
through a variety of pathways, and energy dependent calcium
extrusion mechanisms can fail (Kass, 1982; Lipton and Lobner,
1990; Seisjo, 1992; Lobner and Lipton, 1993). This explanation
could account for the differences observed between complete
oxygen deprivation and the more prolonged insults in our experiments, however it would not explain why NMDA antagonists protect against damage induced by complete oxygen and
glucose deprivation which should cause the most marked energy
deprivation.
Another possible explanation for the present findings is that
oxygen deprivation in the presence of glucose may induce anaerobic metabolism, which could lower pH. At low pH, NMDA
receptors can be inactivated (Giffard et al., 1990; Tang et al.,
1990; Kaku et al., 1993), and under these circumstances lactate
accumulation may occur, and other mechanisms of cell toxicity
may predominate. Kaku et al. (1993) found that although a lower
extracellular pH provided a protective effect against damage to
dissociated neuronal cultures deprived of oxygen and glucose,
the addition of glutamate antagonists provided additional protection against this insult at a pH of 6.4. This was lower than
the pH in the buffer solution following complete oxygen or oxygen and glucose deprivation in our experiments. Measurement
of the pH in the HBSS immediately following each of these
insults revealed only a slightly lower pH in our cultures exposed
to oxygen deprivation alone versus those exposed to combined
oxygen and glucose deprivation (6.63 vs 6.77). We cannot, however, conclude from our measurements that the pH did not reach
lower leiiels in the intracellular compartment, or in the extracellular space microenvironment in the cultures undergoing
complete oxygen deprivation. When we raised the pH using Hepes buffered solutions, there was still no protection provided by
MK-801 to damage induced by complete oxygen deprivation.
The pH measured following oxygen deprivation in these experiments was 7.1, which should not cause marked NMDA receptor
inactivation.
The glucose concentration used for maintaining hippocampal
slice cultures is 33.6 mu in the growth medium and was the
same concentration in the HBSS with glucose used for these
experiments. To determine if the lack of protection with NMDA
blockade was due to “hyperglycemic”
conditions, which may
worsen the acidosis produced during exposure, we repeated the
anoxia experiment in HBSS containing a normal physiologic
glucose concentration (5.6 mu). NMDA receptor blockade was
still not effective in reducing neuronal damage of two different
severity levels, caused by complete oxygen deprivation at this
glucose concentration.
Other neuroprotective strategies which do not act primarily
through glutamate receptors, did not exhibit similar differential
neuroprotection between complete oxygen, and oxygen/glucose
deprivation. These neuroprotective strategies included hypothermia, low chloride plus low calcium, and also free radical scavenging using PBN, and were all strongly neuroprotective in our
model against CA1 damage induced by either combined oxygen
and glucose deprivation or oxygen deprivation with glucose
present. The neuronal protective effects of these treatments probably involves multiple mechanisms. Hypothermia has been
shown to reduce ischemia induced glutamate release (Busto et
al., 1989; Maher and Haschinski, 1993) as well as to preserve
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high energy phosphates during ischemia (Sutton et al., 1991)
and thus preserve energy dependent calcium extrusion mechanisms (Kass and Lipton, 1982; Lipton and Lobner 1990). The
involvement of ion fluxes in ischemic neuronal damage is supported by the neuroprotective
effect of decreased chloride and
calcium in the buffer solution during oxygen deprivation alone
as well as by oxygen/glucose
deprivation
(Rothman,
1985;
Goldberg et al., 1986; Friedman and Haddad, 1993). Decreased
calcium in the extracellular
fluid may attenuate the intracellular
calcium surge seen with neuronal depolarization
caused by energy deprivation through multiple mechanisms (Schurr and Rigor, 1992; Seisjo, 1992), and also can protect against glutamate
neurotoxicity
(Choi, 1985, 1987). We used sodium gluconate to
replace chloride with a nonpermeant
anion, which has been
shown by others to inhibit neuronal swelling due to depolarization (MacVicker
and Hochman, 199’1). Recently, increased production of free radicals has been reported to lead to membrane
breakdown,
and damage to cellular organelles resulting in cell
death following
ischemia (Seisjo, 1992; Dawson et al., 1993;
Sen and Phillis, 1993). Increases in intracellular
calcium are
thought to increase nitric oxide levels which can lead to excess
free radical production (Seisjo, 1992; Dawson et al., 1993; Dawson, 1994). Free radical spin trapping compounds such as PBN
can reduce free radical levels, and have been shown to provide
neuroprotection
in an in vivo model (Clough-Helfman
and Phillis, 1991; Sen and Phillis, 1993). The fact that these strategies
were protective following both glutamate receptor mediated, and
non-glutamate
receptor mediated neuronal injury, suggests that
they may influence separate common pathways leading to cell
damage.
NMDA
antagonists have been effective in reducing infarct
size in focal ischemia models, suggesting that these compounds
protect against partial energy deprivation
which occurs in the
ischemic penumbra (Wieloch et al., 1989; Seisjo, 1992). NMDA
receptor blockade has also been reported to reduce neuronal injury with partial oxygen (Goldberg et al., 1987; Marcoux et al.,
1990). We therefore investigated the effects of NMDA receptor
blockade on incomplete oxygen and glucose deprivation. These
insults included glucose deprivation
alone, partial oxygen deprivation (4% O?), and partial oxygen deprivation (4% 0,), with
complete glucose deprivation.
The time of exposure was increased using each of these insults to attempt to induce a similar
degree of damage which was observed after 35 min of complete
oxygen and glucose deprivation. We found that NMDA receptor
blockade effectively reduced neuronal injury produced by more
prolonged exposure to insults which caused less severe energy
deprivation, than complete oxygen and glucose deprivation (Table 4).
These experiments confirm that NMDA receptor antagonists
can reduce CA1 injury caused by oxygen and glucose deprivation. These results also indicate that the presence of glucose
during severe oxygen deprivation prevents the reduction of neuronal injury by glutamate receptor blockade. It remains to be
elucidated why the presence of glucose prevents glutamate receptor blockade from reducing neuronal injury from severe anoxia. It is known that clinical situations exist such as anoxia
from suffocation, carbon monoxide poisoning or other conditions where the cerebral circulation continues to supply glucose
to the brain in the absence of oxygen. If the results from these
experiments are directly applicable to these clinical situations,
they may indicate that glutamate receptor blockade would be
ineffective in reducing neuronal injury produced by insults

where severe anoxia predominates. Further experiments using in
vivo models are needed to determine if our results apply to these
clinical situations.
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