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Organotypic Hippocampal Culture: Protection by Early Tetrodotoxin 
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Profound hypoglycemia selectively damages CA1 and the 
dentate gyrus of the hippocampus. We have examined the 
time course of hippocampal neuronal injury in organotypic 
cultures following in vitro “hypoglycemia,” using the fluo- 
rescent vital dye propidium iodide to observe directly the 
regional distribution of early neuronal membrane injury in 
living cultures. The in viva hippocampal pattern of hypogly- 
cemic injury was reproduced by a 2 hr exposure to glucose- 
free media, which resulted in simultaneous, selective pro- 
pidium staining of CA1 and the dentate gyrus starting by 4 
hr after exposure. After 24 hr of recovery, CA3 remained 
spared. A similar pattern of propidium staining was produced 
by incubation of cultures for briefer periods in glucose-free 
medium containing 5 mM P-deoxyglucose (2-DG) to inhibit 
glycolysis. This “hypoglycemic” pattern and time course of 
neuronal injury was mimicked by 300 PM aspartate but not 
by glutamate. The NMDA receptor antagonists MK-801 and 
CPP, but not the relatively selective non-NMDA receptor an- 
tagonist 8-cyano-7-dinitroquinoxaline-2,3-dione, prevented 
the development of propidium staining. MK-801 protected 
against injury even if added to the recovery media 30 min 
after the insult, while TTX (10 PM) protected only if added 
by the end of the exposure. The appearance of propidium 
staining after 4-6 hr of recovery was well correlated with 
histological observation of pyknotic neuronal nuclei in the 
injured regions. The characteristic hippocampal regional vul- 
nerability of CA1 and the dentate gyrus to injury following 
profound hypoglycemia can be reproduced in organotypic 
hippocampal culture and appears to be mediated both by 
an early TTX-sensitive component and by a more prolonged 
period of toxic NMDA receptor activation, extending for at 
least 30 min into the recovery period. 

It has been suggested that NMDA receptor-mediated neuro- 
toxicity is the primary mechanism of neuronal injury following 
profound hypoglycemia. Experimental evidence includes both 
the ultrastructural resemblance of hypoglycemic injury to ex- 
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citatory amino acid neurotoxicity, a glial-sparing, axon-sparing, 
lesion of neurons that is most pronounced in the dendrites (Auer 
et al., 1985a,b), and the pharmacologic protection by NMDA 
receptor antagonists injected intracerebrally (Wieloch, 1985; 
Simon et al., 1986) or administered systemically (Westerberg et 
al., 1988; Papagapiou and Auer, 1990). In vitro pharmacologic 
studies with primary neuronal cultures have supported the hy- 
pothesis that glucose deprivation-induced neuronal injury is 
largely mediated by toxic activation of NMDA receptors (Mon- 
yer and Choi, 1988; Monyer et al., 1989; Facci et al., 1990). In 
vivo microdialysis analysis of the hippocampus during insulin- 
induced hypoglycemia has demonstrated a 1%fold increase in 
aspartate and 3-fold increase in glutamate (Sandberg et al., 1986), 
suggesting that the toxic NMDA receptor activation may be 
mediated by an accumulation of endogenous excitatory amino 
acids in the extracellular space. This predominance of aspartate 
in hypoglycemia differs from the rise in extracellular glutamate 
observed following brief ischemia (Hagberg et al., 1985) and is 
probably due to a shift in the equilibrium of aspartate-amino- 
transferase toward aspartate during hypoglycemia, metabolizing 
tissue glutamate to aspartate (Agardh et al., 1978). Nevertheless, 
the relationships among these metabolic processes, endogenous 
neurotransmitter release, receptor-mediated neurotoxicity, and 
the regional vulnerability of the hippocampus remain poorly 
understood. 

In a previous study, we utilized propidium iodide fluorescence 
to observe directly the time course of agonist-specific regional 
vulnerability to glutamate, NMDA, and kainate neurotoxicity 
in organotypic hippocampal culture (Vomov et al., 199 la), a 
preparation that largely preserves the intrinsic synaptic circuitry 
and regional differentiation of the hippocampus in long-term 
culture. Propidium iodide, a fluorescent dye that binds to nucleic 
acids, does not enter intact cells, but upon sufficient membrane 
injury, enters the cell and becomes concentrated in the nucleus, 
rendering it brightly fluorescent. By observing cultures in pro- 
pidium containing media, the regional distribution of mem- 
brane injury can be detected with great sensitivity as it occurs 
in the living culture. 

The regional vulnerability to glutamate toxicity could be clearly 
distinguished from that of NMDA. A 30 min exposure to 1 mM 
glutamate caused membrane injury that first appeared in CA1 
and then extended over hours to include CA3 and, finally, the 
dentate gyrus. In contrast, 10 FM NMDA caused the simulta- 
neous appearance of propidium staining in CA 1 and the dentate 
gyrus, sparing CA3 (Vomov et al., 1991a). In vivo, insulin- 
induced hypoglycemia produces selective neuronal degeneration 
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that resembles this NMDA pattern, affecting CA1 and the den- 
tate gyrus, with sparing of the CA3 pyramidal neurons (Auer et 
al., 1985a,b). If hypoglycemic injury in organotypic culture is 
mediated by direct, toxic activation of NMDA receptors, ex- 
perimental glucose deprivation in organotypic hippocampal cul- 
ture might reveal a similar distribution of early neuronal mem- 
brane injury related to NMDA receptors. 

In the present article, we have investigated the hypothesis 
that hypoglycemic injury is caused by direct, toxic activation 
of NMDA receptors by endogenous aspartate. The time course 
and distribution of NMDA receptor-mediated injury following 
in vitro glucose deprivation, chemically induced “hypoglyce- 
mia” by 2-deoxyglucose (2-DG) exposure, and aspartate ex- 
posure have been examined in organotypic hippocampal cul- 
ture. Protection against injury by TTX and MK-80 1 were found 
to have distinct time courses, suggesting that sodium influx and/ 
or membrane depolarization precedes a more prolonged period 
of NMDA receptor-mediated neurotoxicity. 

These results have been reported previously in abstract form 
(Tasker et al., 199 1). 

Materials and Methods 

Organotypic hippocampal culture. Cultures were prepared as described 
ureviouslv using the method of Gahwiler (198 1). Brieflv. hiuuocamui 

< v ,  I  __ __ 

of 4-7-d-old rat pups were rapidly removed under sterile conditions in 
a laminar flow hood and cut transversely into 425 pm slices with a 
McIlwain tissue chopper and a sterile razor blade. Each slice was trans- 
ferred by pipette onto a drop of chicken plasma spread on a sterile glass 
coverslip; a drop of thrombin was subsequently added to the plasma to 
form a clot containing the slice. The coverslip bearing the slice was then 
transferred to a plastic culture tube containing 1.5 ml ofgrowth medium 
consisting of 25% heat-inactivated horse serum, 25% Earle’s balanced 
salt solution (EBSS), and 50% Eagle’s basal medium (BME) supple- 
mented with glutamine (2 mM) and glucose (6.5 gm/liter). The sealed 
tubes were placed in a roller apparatus rotating at 10 revolutions/hr in 
a dry incubator at 36°C. The medium was changed thereafter once a 
week. Slices were maintained in culture for at least 2 weeks prior to use 
in these experiments, when they had flattened to near-monolayer thick- 
ness. 

Solutions. The control medium for exposure experiments was an 
HEPES-buffered salt solution (HBSS) containing (in mM) 143.4 NaCl, 
5.4 KCl, 1.2 MgSO,, 1.2 NaH,PO,, 2.0 CaCl,, 10 D-glucose, and 5.0 
HEPES (free acid) titrated to pH 7.40 with NaOH. This medium is 
identical to that used in previous experiments with organotypic hip- 
pocampal cultures (Vomov et al., 199 1 a). The glucose-deficient medium 
consisted of HBSS without D-glucose. The solution used for rapid in- 
hibition of glycolysis contained 2, 5, or 10 mM 2-DG added to the 
glucose-deficient HBSS. The serum-free medium consisted of 75% BME 
and 25% EBSS, supplemented with D-glucose (6.5 gm/liter) and glu- 
tamine (2 mM). 

Propidium iodide fluorescence microscopy of neuronal injury in or- 
ganotypic hippocampal cultures. The time course and distribution of 
hippocampal neuronal injury were observed directly using previously 
described techniques (Vomov et al., 1991a). Cultures were incubated 
with propidium iodide added to 2 ml of the experimental solution (4.6 
&ml) for a minimum of 15 min before being assessed with an inverted 
fluorescence microscope using a standard rhodamine filter set. Regional 
propidium staining was studied in a qualitative manner by noting the 
onset and distribution of fluorescence, and progression of intensity, if 
any, in each of the major hippocampal regions. Video images were 
captured with a high-sensitivity CCD camera (Videoscope CCD 200) 
and a video frame grabber card (Data Translation) in an Apple Mac- 
intosh IIcx computer with the program IMAGE (Wayne Rasband, Na- 
tional Institutes of Health, Bethesda, MD). Gain and pedestal settings 
for the CCD camera were held constant to standardize the sensitivity 
of the video images. 

Histology of organotypic hippocampal cultures. At the end of exper- 
iments, cultures were fixed in methanol overnight at 4°C stained with 
thionin, and mounted on microscope slides. Blinded histologic evalu- 
ation of the thionin-stained cultures were made by one of the investi- 
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Figure 1. Diagram of the experimental protocol. Experiments using 
glucose-free media to create hypoglycemia consisted of a 3 hr exposure 
period in HBSS (thick bar) followed by a 3 hr observation period in 
serum-free medium (thin bar). In experiments using 2-DG to create 
hvuoalvcemia. the HBSS exnosure ueriod was 30 min (thick bar) fol- 
lowed by a 6 hr observation period in serum-free medium (thin’bar). 
All experiments continued with roller tube recovery and then fixation 
in methanol and thionin staining. While multiple video micrographs 
were routinely obtained during the first 6 hr of each experiment, an 
image was always obtained at the conclusion of the observation period 
(arrowheads) and at the end of the recovery period to document the 
time course and distribution of propidium staining. 

gators (J.J.V). As described previously (Vomov et al., 1991a), each 
hippocampal region was graded using a four-point semiquantitative 
scale of the percentage of clearly pyknotic nuclei, where 0 was 125% 
pyknotic, 1 was 25-SO%, 2 was >50-75%, and 3 was >75-100%. 

Experimental design. The overall design of the experiments is illus- 
trated in Figure 1. Under sterile conditions, cultures were removed from 
their tubes and placed in 35 mm plastic culture dishes containing 2 ml 
of the serum-free medium with added propidium iodide. If significant 
propidium staining was observed in a culture during this screening step, 
it was not used in the experiment, as the staining was indicative of 
preexisting neuronal death. After screening, the medium was changed 
to HBSS (control, glucose-deficient, or 2-DG without glucose) and placed 
in a dry, room air incubator at 36°C for the period of exposure. Following 
experimental exposure, all cultures were washed twice with 2 ml of fresh 
control HBSS, and then returned to serum-free medium containing 
propidium iodide and placed in an incubator with a moist 5% CO, 
atmosphere at 36°C. After 6 hr from the start of the experiment, cultures 
were returned to roller tubes containing 1.5 ml of serum-free medium 
(without propidium iodide) for a further 18 hr. The fluorescence video 
micrographs in the figures were obtained either at the end of the 6 hr 
observation period or at the conclusion of the experiment, at the end 
of the 18 hr roller tube recovery. Additional controls for these experi- 
ments included cultures removed from their culture tubes without in- 
cubation in an experiment, as well as cultures undergoing the experi- 
mental protocols in the absence of added propidium iodide. Cultures 
were excluded from experimental analysis if (1) the culture failed the 
initial propidium screen before exposure, (2) the clot bearing the culture 
detached from its coverslip during the experiment, or (3) thionin staining 
of the culture after the experiment revealed any incomplete or absent 
hippocampal regions. 

Some experiments were carried out solely in the roller tubes. Hip- 
pocampal cultures were exposed to 1.5 ml of the glucose-deficient HBSS 
or control medium for 2 hr. This medium was then exchanged for 1.5 
ml of the serum-free medium, which remained in the tube for a further 
24 hr, before being changed to standard growth medium for another 6 
d of recovery, when the experiment was ended. 

Statistics. Nonparametric tests were used for the analysis of ordinal 
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Figure 2. Propidium iodide fluorescence following incubation in glucose-free HBSS. A and B, Two hour exposure: fluorescence video micrographs 
of propidium staining of an organotypic culture following a 2 hr exposure to glucose-free HBSS. At the conclusion of the observation period, 4 hr 
after the end of glucose deprivation, diffuse propidium staining is visible in CA1 and the dentate gyrus. B, At the end of the experiment following 
18 more hours of recovery, propidium staining has become brighter and more punctate, but is still limited to CA1 and the dentate gyrus. C, Three 
hour exposure. As illustrated by this culture, cultures exposed to glucose deprivation for 3 hr demonstrated bright propidium staining in all regions 
at the conclusion of the experiment. D, Three hour exposure to HBSS. This culture illustrates the faint, diffuse propidium staining of CA1 and the 
dentate gyrus observed in control cultures incubated in HBSS for 3 hr and allowed to recover. Scale bar (A), 200 pm for A-D. 

data, Kendall’s tau B or tau C for more than two groups, and the Mann- 
Whitney rank sum test for two groups. 

Results 
Glucose deprivation 
In the initial series of experiments, the membrane injury pro- 
duced in organotypic hippocampal cultures by increasing pe- 
riods (control, 1,2, and 3 hr) of glucose-deficient HBSS medium 
was assessed by fluorescence observation of propidium staining. 
In cultures exposed to the glucose-deficient medium for 2 hr, 
propidium staining was first observed after 4 hr of recovery 
(three of three cultures). CA1 and the dentate gyrus showed 
diffuse staining simultaneously, while CA3 exhibited no fluo- 
rescence (Fig. 2A). Over the rest of the 24 hr of recovery, CA3 
generally remained nonfluorescent and the staining of CA 1 and 
the dentate gyrus became more intense and well demarcated 
(Fig. 2B). When the duration of hypoglycemic exposure was 
increased to 3 hr, propidium staining began earlier, after only 

2 hr of recovery, and was more florid, with significant staining 
in all hippocampal regions (four of four cultures) (Fig. 2c). 
These patterns were not observed in cultures exposed to control 
HBSS for 3 hr (three of three cultures) or in those exposed to a 
glucose-deficient medium for 1 hr (three of three cultures). 

While the fluorescence observations indicated regionally spe- 
cific patterns of membrane injury following glucose deprivation, 
cultures did not tolerate prolonged HBSS incubation well. In 
both the controls and the 1 hr hypoglycemic cultures, minimal 
fluorescence was present in parts of CA1 and the dentate hilus 
after 24 hr of recovery (Fig. 20). In addition, the plasma clot 
containing the organotypic hippocampal culture tended to de- 
tach from the glass coverslip more frequently following pro- 
longed HBSS exposure, making histologic examination of cul- 
tures after recovery of more than 24 hr difficult. The injury of 
control cultures was due to the lack of amino acids and vitamins 
in the HBSS. It was not due to the removal of serum, as cultures 
tolerate several days of incubation in the serum-free medium. 
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Figure 3. Histologic changes following exposure to glucose-free HBSS: video micrograph of typical cultures stained with thionin after a 2 hr 
exposure in roller tubes to HBSS with or without glucose followed by 7 d of recovery. A, Control culture. Preservation of organotypic organization 
is demonstrated. E, Glucose-free HBSS, 2 hr. An area of neuronal pyknosis can be plainly seen in CA1 near the subiculum (arrows). Pyknosis also 
was observed in the dentate gyrus. C and D, Glucose-free HBSS, 2 hr: higher-power view of a less severely affected culture, demonstrating a patch 
of neuronal pyknosis in CA1 (arrows in C’) and the inferior blade of the dentate gyrus (asterisks in 0). Scale bar (A): 200 pm for A and B, 80 gm 
for C and 0: 

If the protocol was changed so that the exposure to either glu- 
cose-deficient medium or control-HBSS was carried out in the 
roller tubes, without transfer to dishes and fluorescence obser- 
vation, the recovery period could be extended to 7 d (1 d in 
serum-free medium followed by 6 d in standard growth medi- 
um). As shown in Figure 3, neuronal pyknosis was seen in the 
CA1 region and the dentate gyrus, but not in CA3, correlating 
with the distribution of propidium staining observed in the 
earlier experiments. Within CA1 some cultures exhibited injury 
throughout, while others had a characteristic “bite” in CA1 
nearest the subiculum. Pyknosis in the dentate was observed at 
the “crest” and inferior blade. Pyknosis was always detectable, 
but was rarely greater than 25% of all neurons in the affected 
hippocampal regions. These patterns of pyknosis were not pres- 
ent in control cultures. 

Metabolic inhibition with 2-DG 
To study further the early time course of in vitro hypoglycemia 
with a more robust injury, we used 2-DG to block glycolysis, 
which allowed us to shorten the period of experimental exposure 

from 2 hr to 30 min, eliminating any injury of control cultures 
and reliably producing histologic changes after 24 hr ofrecovery. 
Cultures exposed to a glucose-deficient medium supplemented 
with 5 mM 2-DG for 30 min demonstrated the same patterns 
and progression of propidium iodide staining observed in the 
initial series of experiments following 2 hr of hypoglycemic 
exposure (Fig. 4). The earliest propidium staining occurred si- 
multaneously in CA1 and the dentate gyrus between 2 and 4 hr 
of recovery and progressed over the 24 hr of recovery. Some 
cultures also exhibited staining developing in CA3, though its 
intensity and progression lagged behind earlier changes in CA1 
and the dentate gyrus in all instances. These effects were not 
prevented by further supplementing the 5 mM 2-DG hypogly- 
cemic medium with fructose- 1-6-biphosphate, pyruvate, or glu- 
tamine, during and after the 30 min exposure. Cultures exposed 
to 5 mM 2-DG in HBSS containing 30 mM glucose remained 
intact. Similarly, as described previously, control cultures ex- 
posed to the normoglycemic HBSS medium for 30 min re- 
mained nonfluorescent over the 24 hr of the experiment. 

The effects of exposure to increasing concentrations of 2-DG 
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Figure 4. Propidium iodide fluorescence after exposure to increasing concentrations of 2-DC: fluorescence video micrographs of propidium staining 
in organotypic cultures following 30 min exposures to HBSS and 2-DG at the concentrations indicated in the lower ri,&t corner of each panel. All 
images wek obtained at the endof the experiment. A, Control cultures did not develop additional fluorescence during the experiment. & Limited 
staining, confined to CA1 and the dentate gyrus following 2 mM 2-DG. C, Following 5 mM 2-DG, propidium staining in CA1 and the dentate 
gyrus is greater, with less propidium staining in CA3. D, 2-DG at 10 mM generally caused staining throughout the culture. The numbers of cultures 
displaying each of these patterns are summarized in Table 1. Scale bar (A), 200 pm for A-D. 

Table 1. Patterns of propidium staining at 6 and 24 hr after 
exposure to 2-DG 

Condition 
No CAl/ 
staining dentate 

CAl/ 
dentate 
XA3 All 

Six hour recovery 
Control 4 - - - 

2 mM 2-DC 2 3 - - 
5 mM 2-DG - 7 2 - 

10 mM 2-DG - 1 6 - 

Twenty-four hour recovery 
Control 4 - - - 

2 mM 2-DG 1 4 - - 

5 mM 2-DG - - 6 3 
10 mM 2-DG - - 2 5 

The pattern of propidium staining was assessed 6 and 24 hr after a 30 min exposure 
to 2-DG in glucose-free HBSS at the concentrations indicated. The numbers of 
cultures displaying each pattern of staining are shown in the table. There was a 
significant correlation between increasing 2-DG concentration and more extensive 
propidium staining at each observation time (p < 0.00 1, Kendall’s tau B). 

(control, 2 mM, 5 mM, and 10 mM) are illustrated in Figure 4. 
The concentration dependence of 2-DG-induced membrane in- 
jury is summarized in Table 1, with respect to the four patterns 
observed in the initial series of experiments (none, CA1 and 
dentate gyrus, predominantly CA 1 and dentate gyrus with dif- 
fuse staining in CA3, and uniform staining in all hippocampal 
regions). Histologic evidence of injury after 24 hr of recovery 
correlated well with the progression of early propidium staining, 
but varied in severity depending upon the concentration of 2-DG. 
As observed previously, nuclei ofaffected neurons were severely 
pyknotic and cytoplasmic Nissl staining was lost, so that the 
neurons appeared as small, dark, pyknotic nuclei surrounded 
by an area devoid of Nissl staining. The most severe histologic 
changes were seen following exposure to 10 mM 2-DG, where 
there was widespread pyknosis in all hippocampal regions. At 
lower concentration (2 mM and 5 mM), degeneration was lim- 
ited to the neuronal population of CA1 and the dentate gyrus 
(Fig. 5A); glia appeared to be unaffected. Following exposure to 
5 mM 2-DG, there was a sharp demarkation between the nor- 
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Figure 5. Histologic changes following exposure to 2-DG: video micrographs of typical cultures stained with thionin after a 30 min exposure to 
2-DG followed by 24 hr of recovery. A, 2-DG at 5 mM. Neuronal loss in CA1 and the dentate gyrus is evident. B, 2-DG at 5 mM, with TTX 
added immediately at the beginning of recovery period. The culture is indistinguishable from control. C and D, 2-DG at 5 mM: higher-power 
views demonstrating sharp demarcation of regional vulnerability. In C, the pylcnotic neuronal nuclei of CA1 border on the normal appearing 
neurons CA3, while in D, pyknotic nuclei of the dentate granule cells are juxtaposed with the large neurons of the hilus. Occasional small granule 
cells are preserved. Scale bar (A): 200 pm for A and B; 40 pm for C and D. 

mal-appearing neurons of CA3 and the pyknotic nuclei of CA 1 
(Fig. 5C). 

Degeneration of the dentate granule cells was in striking con- 
trast to the preservation of the large hilar neurons (Fig. 5D). 
Thus, the selective injury of CA1 and the dentate gyrus with 
CA3 sparing following exposure to 5 mM 2-DG, seen with 
propidium staining starting after 2-4-hr of recovery and devel- 
oping over the entire 24 hr of recovery, was confirmed histo- 
logically. Much less severe changes were observed in cultures 
exposed to 2 mM 2-DG, with scattered pyknotic nuclei localized 
to part of CA 1. The histologic grading of cultures summarized 
in Figure 6 illustrates the concentration dependence of histologic 
changes, as well as the differences in regional vulnerability. 

Comparison of hypoglycemic, NMDA, aspartate, and 
glutamate neurotoxicity 

The selective injury of CA1 and the dentate gyrus observed 
following in vitro hypoglycemia bore striking similarities to the 

pattern of injury caused by exposure to NMDA (Vomov et al., 
199 1 a). We have previously reported that a 30 min exposure 
to 100 PM NMDA causes propidium staining of neurons 
throughout the culture, beginning during the exposure and in- 
creasing to a maximum over the first 6 hr of recovery. When 
the concentration of NMDA is reduced to 10 PM, selective 
propidium staining is seen in CA1 and the dentate gyrus, be- 
ginning after 2-4 hr of recovery and increasing during the entire 
24 hr recovery period. CA3 was spared. 

Aspartate, at a concentration of 300 KM, caused selective 
staining in CA 1 and the dentate gyrus, with a slower time course 
than NMDA (Fig. 7). In contrast to the similar patterns of injury 
induced by hypoglycemia, NMDA, and aspartate, glutamate 
produced the same distinct, progressive pattern described pre- 
viously (Vomov et al., 199 1 a), which begins in CA 1, extends 
to CA3, and finally includes the dentate gyrus. After 6 hr of 
recovery following exposure to 1 mM glutamate, staining was 
predominantly in CA1 and CA3 (Fig. 7). 
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Figure 6. Summary of histologic observations. As described in Ma- 
terials and Methods, neuronal nuclear pyknosis in N&l-stained cultures 
was graded on the four-point scale shown in the figure. The median 
score for each region under each condition is represented by the gray 
scale. Exposures to 2-DG and aspartate were 30 min at the concentra- 
tions shown. The bottom row represents cultures exposed to 5 mM 2- 
DG followed by TTX (10 PM) or MK-80 1 (30 PM) after exposure, with 
the delays shown: immediately following 2-DG, 5 or 30 min delayed. 
Each diagram represents the median score for four or more cultures. 

Protection by NMDA receptor antagonists 

The effects of competitive receptor antagonists on in vitro “hy- 
poglycemic” neurotoxicity were evaluated by propidium iodide 
fluorescence and histology in cultures exposed to 5 mM 2-DG 
in hypoglycemic media (Fig. 8). CPP (3-(2-carboxypiperazin-4- 
yl) propyl- 1 -phosphonic acid), a competitive antagonist of the 
NMDA receptor, when present at 100 PM during and after the 
exposure prevented development of propidium staining, as did 
MK-801, a noncompetitive NMDA receptor antagonist. His- 
tology at 24 hr confirmed this protection, with no significant 
difference compared with controls. 6,7-Cyano-7-dinitroquinox- 
aline-2,3-dione (CNQX), a relatively selective, competitive an- 
tagonist of non-NMDA receptors, failed to delay or prevent 
propidium iodide staining and neuronal pyknosis following 2-DG 
exposure. 

MK-801 even protected against the 5 mM 2-DG injury when 
added 30 min into the recovery period (Fig. 8, Table 2) but not 
if added after 1 hr of recovery. When added 30 min after the 
end of the 2-DG exposure, 30 FM was the lowest concentration 
of MK-801 that would completely prevent propidium staining 
and histologic injury. Cultures exposed to 10 MM MK-80 1 from 
30 min of recovery were also not different from controls his- 
tologically, indicating that the minor propidium staining ob- 
served in CA1 and the dentate gyrus (two of four cultures) or 
the dentate gyrus alone (two of four cultures) was not associated 
with a detectable pyknosis after 24 hr of recovery. 

The finding that MK-801 could be used to limit toxicity in 
the recovery period after in vitro hypoglycemia suggests that a 
period of toxic NMDA receptor activation follows the end of 
the exposure period. We wondered whether this toxic receptor 
activation was dependent on neuronal activity causing release 
of an endogenous agonist, possibly aspartate. If so, the sodium 
channel blocker TTX should attenuate hypoglycemic injury by 
preventing axonal impulse transmission and thus prevent syn- 
aptic release of endogenous agonist. TTX attenuated propidium 
iodide staining if present immediately after exposure to 2-DG, 
beginning at the time of washing the cultures (five of five cul- 

Figure 7. Propidium iodide fluorescence following exposure to aspartate (300 PM) and glutamate: fluorescence video micrographs of propidium 
staining obtained at the end of the experiment following 30 min exposures to aspartate or glutamate. Aspartate caused propidium staining that was 
most intense in CA1 and the dentate gyrus, while glutamate caused staining that was greatest in CA1 and least in the dentate. Aspartate exposure 
more closely reproduced the pattern of staining caused by hypoglycemic conditions. Scale bar (A), 200 pm for A and B. 
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Figure 8. Protection by NMDA re- 
ceutor antagonists and TTX: fluores- 
cence videomicrographs of propidium 
staining obtained at the end of the ex- 
periment following 30 min exposures 
to 2-DG. Cultures were protected by 
CPP ( 100 PM) but not CNQX ( 100 qM) 
when these compounds were present 
during and after 2-DG exposure (top 
row). MK-801 (30 FM) protected even 
if added 30 min after the end of 2-DG 
exposure, while TTX (10 PM) fully pro- 
tected only if added immediately after 
2-DG exposure (middle row). If the ad- 
dition of TTX was delayed by 5 min 
(bottom row), propidium staining may 
have been modified but was not pre- 
vented. Scale bar (top left), 200 pm for 
all micrographs. 

tures). Histologic preservation was well correlated with preven- 
tion of propidium staining (Figs. 5B, 6). However, as shown in 
Figure 8, when TTX was added to the recovery media 5 min 
after the exposure to 2-DG, propidium staining was not pre- 
vented. The delayed TTX addition still altered the appearance 
of the propidium staining. Instead of the usual clearly defined 
fluorescent nuclei, there was an uncharacteristic, diffuse “haze” 
in the affected areas, suggesting an alteration in the development 
of neuronal injury. Indeed, these cultures had less consistent 
histologic changes, with only four of six cultures demonstrating 
significant pyknosis in CA1 (Fig. 6). 

Discussion 
These experiments strongly support the hypothesis that the neu- 
ronal damage that occurs in the hippocampus following pro- 
found hypoglycemia is mediated, at least in part, by direct toxic 
activation of NMDA receptors by an endogenous agonist, as- 
partate. We have made three principal observations. (1) The 
characteristic in vivo regional vulnerability of the hippocampus 
to hypoglycemia, selective injury of CA 1 and the dentate gyrus, 
with sparing of CA3, can be reproduced in vitro, in organotypic 

Table 2. Prevention of propidium staining at 6 and 24 hr by MK-801 
added 30 min after exposure to 2-DG 

IMK-8011 
No Dentate 
stainine onlv 

CAl/ 
dentate All 

Six hour recovery 
0 - 9 - 
1 W - 3 - 

10 jLM 1 2 1 
30 j.tM 3 1 - 

100 PM 3 1 I 
Twenty-four hour recovery 

0 - 6 3 

1 FM 2 1 
1owM 2 2 
30 fiM - 4 

100 PM 1 3 1 

The pattern of propidium staining was assessed 6 and 24 hr after a 30 min exposure 
to 5 rn~ 2-DG in glucose-free HBSS. MK-801 was added after 30 min of recovery 
at the concentrations indicated. The numbers of cultures displaying each pattern 
of staining are shown in the table. There was a significant correlation between 
increasing MK-801 concentration and less extensive propidium staining at each 
observation time @ < 0.001, Kendall’s tau B). 
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hippocampal cultures, either by exposure to glucose-deficient 
medium, or by metabolic inhibition of glycolysis. (2) This tox- 
icity can be mimicked by brief exposure to NMDA, or the 
endogenous excitatory amino acid agonist L-aspartate, but not 
L-glutamate. It can be prevented by the NMDA receptor an- 
tagonists MK-801 or CPP, but not by the relatively selective 
non-NMDA receptor antagonist CNQX. Taken together, these 
findings suggest that hypoglycemia-induced neuronal injury is 
mediated predominantly by activation of the NMDA type of 
excitatory amino acid receptor, with L-aspartate as a likely en- 
dogenous agonist. (3) MK-80 1 protects even if administration 
is delayed for 30 min into the recovery period, but TTX must 
be immediately present in the glucose-containing wash to pro- 
vide substantial protection from membrane injury, suggesting 
that the hypoglycemia-induced toxic NMDA receptor activa- 
tion extends into the recovery period, significantly beyond an 
earlier period of sodium influx and/or depolarization, which is 
a preceding step in toxic NMDA receptor activation in hypo- 
glycemia-induced neurotoxicity. 

In the present series ofexperiments, either glucose deprivation 
or blockade of glycolysis with 2-DG resulted in a reproducible 
pattern of neuronal injury demonstrated by propidium staining, 
which was limited to CA1 and the dentate gyrus. Like other 
vital dye exclusion methods, propidium iodide fluorescence is 
indicative of significant membrane injury (Jones and Senft, 1985; 
Lemasters et al., 1987; Favaron et al., 1988; Macklis and Mad- 
ison, 1990) and has been previously correlated with lactate de- 
hydrogenase release and degree of histologic changes in gluta- 
mate neurotoxicity in organotypic hippocampal cultures (Vornov 
et al., 199 la). While propidium staining is often cited as evi- 
dence of loss of cellular viability, it is not actually a direct 
measure of irreversible cellular necrosis. In this report, as in our 
previous experiments using propidium fluorescence to detect 
injury, we have exploited propidium to delineate the time course 
and distribution of injury, relying on histologic changes for con- 
firmation. In the present experiments, we have again confirmed 
that bright, punctate propidium staining is well correlated with 
the later histologic distribution of neuronal pyknosis. Under 
some conditions, we have observed a dimmer, more diffuse 
pattern of propidium staining, which was not as well correlated 
with widespread pyknosis after 24 hr. These patterns are qual- 
itatively easily distinguished, but raise the possibility that, under 
some conditions, membrane injury sufficient to allow propi- 
dium entry does not invariably lead to cell death. Given the 
value of propidium staining for sensitively detecting membrane 
injury, the morphologic correlates of propidium staining are 
deserving of further investigation, especially at the electron mi- 
croscopic level. Ultrastructural evidence of small membrane 
discontinuities in dendrites has been reported following isch- 
emia in the rat (Diemer and Ekstrom von Lubitz, 1983; Johan- 
sen et al., 1984). In hypoglycemia in vim, ultrastructural den- 
dritic injury occurs more rapidly than in ischemia (Auer et al., 
1985b). In vivo, the rapidity ofultrastructural injury is correlated 
with the severity of the insult (Auer et al., 1985b). Similarly, 
we have found that more severe injury is associated with more 
rapid onset of propidium staining. At present, we are unable to 
correlate the onset of propidium staining with previous ultra- 
structural studies of hypoglycemia in viva 

Creation of “hypoglycemic” injury by simple glucose depri- 
vation presented a number of technical problems, which led to 
the use of 2-DG to produce a more rapid, reliable injury. The 
regional distribution of injury was similar for both models of 

injury. It required hours of simple glucose deprivation to cause 
injury, presumably because glycogen stores in cultures can be 
quite substantial. Variability can be introduced by differences 
in glycogen content between culture regions and between cul- 
tures. The insult caused by simple glucose deprivation may thus 
be slow in onset and unevenly distributed throughout the cul- 
ture. The use of 2-DG alleviates the problems of prolonged 
incubation in the exposure medium and probably produces a 
block in glycolysis that is rapid and uniform in onset. Never- 
theless, some uncertainty exists regarding the end of the period 
of glucose deprivation. Since 2-DG is transported into cells and 
phosphorylated, large amounts of phosphorylated 2-DG could 
accumulate in cells during exposure and glycolysis might resume 
slowly. In experiments in non-neuronal cells, nontoxic effects 
of high concentrations of 2-DG can be reversed within minutes 
of removal (Barry et al., 1987). While the duration of block of 
glycolysis was not measured in these experiments, two obser- 
vations imply that it was limited in duration. First, the effects 
of 5 mM 2-DG could be blocked by 30 mM glucose, the con- 
centration of glucose present in the recovery medium. When 
present simultaneously, glucose will also compete for uptake of 
2-DG into cells, so that the effects of glucose in the recovery 
medium will be less, but the restored glucose should be just as 
avidly transported and rapidly overcome any intracellular block 
of glycolysis. Second, TTX completely protected cultures when 
added immediately upon removal of 2-DG, but failed to protect 
5 min later, implying that within 5 min of 2-DG removal, the 
metabolic state of the culture had been critically altered. As 
discussed below, further experiments investigating the meta- 
bolic recovery of cultures are critical to undersmnding the de- 
layed protective effects of MK-80 1. 

Whether or not 2-DG was present, glucose deprivation caused 
injury of organotypic cultures in a pattern that was similar to 
that described in adult animals. In animal studies of profound 
hypoglycemia, enough to induce 30 min of isoelectricity, neu- 
rotoxicity in the hippocampus is limited to dense necrosis at 
the crest of the dentate gyrus and a gradient of increasing se- 
lective neuronal necrosis medially in CA1 (i.e., a lessening gra- 
dient of neuronal necrosis toward the border with CA3) (Auer 
et al., 1985a,b, Auer and Siesjo, 1988). It has been proposed 
that this selective distribution of damage reflects extracellular 
or cerebrospinal fluid-borne excitatory amino acid neurotox- 
icity, which affects the brain regions and neurons in closest 
proximity to the lateral ventricle (Auer et al., 1984). The relative 
resistance of CA3 has been similarly explained, with damage 
occurring in this portion of the hippocampal neuronal cell band 
last, after CA1 and the dentate gyrus, when hydrocephalus is 
present and a portion of CA3 abuts the enlarged ventricle. The 
protective effects of NMDA antagonists in animal models imply 
that the endogenous toxin is an excitatory amino acid neuro- 
transmitter; microdialysis experiments describing a 15-fold in- 
crease in extracellular aspartate over baseline, with smaller in- 
creases in glutamate, suggest that aspartate is the endogenous, 
toxic agonist. 

The consistent pattern of injury produced by NMDA, aspar- 
tate, glucose deprivation, and blockade of glycolysis by 2-DG 
described here supports the simple hypothesis that regional sen- 
sitivity of the hippocampus to direct NMDA receptor activation 
accounts for the sensitivity to hypoglycemia. Since the most 
vulnerable regions in the hippocampus are those with the highest 
density of NMDA receptors in vivo (Monaghan et al., 1983; 
Greenamyre et al., 1985) the simplest hypothesis is that recep- 
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tor density is the primary determinant of vulnerability. Our 
observations did differ somewhat from previous in viva results. 
Generally, we observed an almost uniform injury within the 
vulnerable regions, without any apparent intraregional gradient 
or predilection. However, with a threshold in vitro insult, 2 hr 
of glucose deprivation in the roller tubes, there appeared to be 
a gradient in toxicity observed in CA 1, which was greatest near 
CA3, the opposite from the in vivo pattern. Pyknosis was also 
more pronounced at the crest and in the inferior blade of the 
dentate gyrus, concordant with the in vivo pattern. 

Proximity to the ventricle cannot be invoked in these exper- 
iments, since, of course, organotypic cultures are uniformly ex- 
posed to the bathing media. Since the vulnerability to NMDA 
receptor agonists in organotypic culture is correlated with the 
density of NMDA receptors in vivo, receptor distribution is 
probably the most important factor determining vulnerability 
in culture. Differences in glucose metabolism, rates of activity, 
or synaptic connectivity do not seem to be the primary deter- 
minants of vulnerability. The results in organotypic culture do 
not contradict the hypothesis of a ventricular concentration of 
the toxic endogenous agonist, since some differences remain in 
viva. These differences may, however, arise from local differ- 
ences within hippocampal regions that are not expressed in or- 
ganotypic culture, and proximity to the ventricle may be co- 
incidental. 

In contrast, vulnerability to ischemic neuronal injury does 
not correlate well with either NMDA receptor distribution or 
vulnerability to direct exposure to NMDA receptor antagonists, 
even though in some models of ischemia (Simon et al., 1984; 
Gill et al., 1988; Choi, 1990; Vomov and Coyle, 1991a), in- 
cluding organotypic culture (Newell et al., 1990; Vomov et al., 
199 1 b), injury can be prevented by NMDA receptor antagonists. 
The dentate gyrus is the hippocampal region most resistant to 
injury (Kirino, 1982) even though it possesses a high density 
of NMDA receptors and is quite sensitive to injury by hypo- 
glycemia and NMDA. In ischemia, distribution of another re- 
ceptor type or other neuronal characteristic must be the major 
determinant of regional injury. 

Taken together, these observations suggest that the aspartate 
release during and after hypoglycemia results in direct, toxic 
activation of NMDA receptors in hippocampal areas with the 
highest density of NMDA receptors. The consistent protective 
effects of MK-801 administered 30 min after the end of 2-DG 
exposure suggest that aspartate’s postsynaptic toxic effects are 
prolonged. A number of pre- or postsynaptic mechanisms could 
account for the prolonged protective effects of MK-80 1. 

While it is possible that aspartate continues to accumulate in 
toxic concentrations for long periods after removal of the 2-DG, 
in vivo microdialysis studies have generally reported that extra- 
cellular accumulation of amino acids ends shortly after both 
hypoglycemia (Sandberg et al., 1986; Westerberg et al., 1988) 
and ischemia (Benveniste et al., 1984). In the present experi- 
ments, exchange with the large dilution volume of the culture 
medium would be expected to hasten the diffusion of agonist 
away from neurons, further shortening the period of accumu- 
lation of potential toxins. As noted above, the duration of block 
of glycolysis by 2-DG in organotypic culture has not yet been 
examined. An important first observation would be to confirm 
that tissue aspartate levels rise in organotypic culture and to 
correlate this rise with the time course of protection by MK- 
80 1. Aspartate release may be prolonged, but it may not occur 
continuously at high concentrations. Alternatively, during re- 

covery, a different endogenous, selective NMDA receptor ag- 
onist could be released. Microdialysis experiments have dem- 
onstrated a moderate rise in quinolinic acid levels in the striatum 
during recovery from hypoglycemia (Westerberg et al., 1991). 
Since quinolinic acid is a selective agonist at the NMDA recep- 
tor, it could contribute to the NMDA receptor activation against 
which MK-80 1 protects. Extracellular aspartate or other agonist 
concentrations may not be elevated to levels that are normally 
toxic, but alterations in postsynaptic sensitivity to effects of 
endogenous agonists might be responsible for injury. Increased 
postsynaptic sensitivity to the toxic effects of endogenous ago- 
nists could result from the preceding pathologic events, that is, 
exposure of neurons to high concentrations of aspartate under 
conditions of relative substrate deprivation. For example, we 
have previously demonstrated that, in acute adult hippocampal 
slices, the sensitivity to NMDA receptor-mediated toxicity may 
be modified by ionic events (Vomov and Coyle, 199 1 a,b). 

The time course of protection by TTX was not the same as 
that of MK-801. This provides evidence that the endogenous 
agonist responsible for injury is not released by normal synaptic 
transmission. TTX should block axonal conduction and phys- 
iologic neurotransmitter release, so that its presynaptic effects 
should be correlated with the postsynaptic effects of receptor 
antagonists. Since MK-801 protects long after TTX protects, 
we must assume that, after 30 min of recovery, the agonist 
release does not occur by the usual TTX-sensitive mechanisms. 
Nevertheless, the early protective effects of TTX suggest that 
sodium entry is necessary for prolonged aspartate release to 
occur. Large shifts in extracellular ion concentrations are well 
described in hypoglycemia (Astrup and Norberg, 1976; Harris 
et al., 1984) and are not dependent on NMDA receptor acti- 
vation since they are not altered by systemic administration of 
MK-801 at doses that protect against neuronal degeneration 
(Zhang et al., 1990). This would be consistent with the idea that 
sodium entry is primary and can lead secondarily to toxic NMDA 
receptor activation. Sodium would accumulate intracellularly, 
entering through TTX-sensitive channels, and could secondarily 
result in an inward calcium flux through Na+/Ca2+ exchange, 
resulting in increased intracellular calcium and calcium-depen- 
dent neurotransmitter release. Additional aspartate release could 
also occur as sodium enters the intracellular space by causing 
the sodium-dependent glutamate transporter to run in reverse, 
transporting aspartate and sodium out of the cell, rather than 
using the normal sodium gradient for uptake of amino acids 
from the extracellular space. It should be noted that all of these 
mechanisms could occur in either glia or neurons. 

It is also possible that block of sodium channels has metabolic 
effects, either preserving ATP levels or decreasing conversion 
of glutamate to aspartate. In viva, ATP levels remain near nor- 
mal in hypoglycemic animals until after an initial ionic transient 
(Harris et al., 1984; Wieloch et al., 1984), suggesting that early 
ionic shifts in hypoglycemia cause the metabolic stress in hy- 
poglycemia that eventually results in ATP depletion and toxic 
NMDA receptor activation. Using the more accessible tissue 
culture model described here, these possibilities could be further 
evaluated with biochemical measurements. To our knowledge, 
while protective effects of TTX have been described in some 
animal models of ischemia (Prenen et al., 1988; Yamasaki et 
al., 199 l), the effects ofTTX have not been examined previously 
in hypoglycemia. 

The experiments reported here describe a number of phe- 
nomena that suggest that much of the pathophysiology of hy- 
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poglycemic hippocampal injury can be reproduced in organo- 
typic culture. The distribution of injury seems to be a consequence 
of the regional vulnerability to the direct toxic activation of 
NMDA receptors by aspartate, which is simply determined by 
NMDA receptor density. The distribution, time course, and 
mechanism of aspartate release remain unexplored. Organotypic 
culture provides the first tissue culture model in which TTX is 
protective and in which delayed administration of MK-80 1 can 
be protective. Understanding of the injury mediated by pro- 
longed, nonsynaptic release of endogenous neurotransmitters 
may be central to the development of practical strategies to 
protect the nervous system from injury during recovery from 
metabolic insults. 
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