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Ischemic damage to the brain, whether induced experimenta lly or observed clinically, often produces 
a pattern of delayed selecti ve cell dea th in subfield CAl of hippocampus which has been associated with 
significant neurologic deficits. The present study demonstrates that this selective vulnerability of CA l neu
rons to ischemia, with relative preservation of their neighbors, is expressed in organotypic ti ssue culture 
and is prevented by the N-methyl-o-aspartate (NMDA) receptor blocker, MK-80 1. These data provide 
conclusive evidence that this selective cell dea th does not have a vascular etiology but is mediated by fac
tors intrinsic to the Hippocampal neurons and/or local circuitry. This model system provides an opportu
nity both to examine mechanisms of ischemic cell death in an avascular environment and to st udy methods 
of prevention in the absence of systemic variables. 

It has long been recognized that discrete cell groups in the brain are particularly 
vulnerable to transient ischemia. Perhaps the most dramatic pattern of selective vul
nerability to ischemia is observed in hippocampus. In this structure the pyramidal 
cells of subfield CA I can be completely destroyed while adjacent CA3 neurons and 
dentate granule cells remain apparently healthy [7, 19]. Clinically, a similar pattern 
of damage is commonly seen in the hippocampus of individuals with temporal lobe 
epilepsy, closed head injury [14] and following stroke involving this structure [1 , 24]. 
The prevalence of hippocampal selective vulnerability and the occurrence of adverse 
neurologic consequences specifically associated with this loss, including memory defi
cits [18 , 24] is a significant health concern. It may also be amenable to timely thera
peutic intervention since, experimentally, it does not become maximal until several 
days post-ischemia [7, 19]; an understanding of the mechanisms of this selective vul
nerability, and their temporal sequence post-insult, may allow the development of 
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specific treatments which take advantage of the window between ischemia and hippo
campal cell lysis . 

Compelling evidence suggests that the critical step in hippocampal cell death with 
ischemia is an influx of calcium primarily through N-methyl-o-aspartate (NMDA) 
type glutamate-gated channels [5 , 8, 12, 20, 22]. Examining the mechanisms and 
treatment of selective vulnerability in vivo, however, remains problematic. Intrinsic 
alterations in selective regions of hippocampus with ischemia may interact with fea
tures of the microvasculature to alter local perfusion selectively. For example, 
changes in extracellular calcium concentration alters the diameter of capillaries; se
lective calcium influx into CA I pyramidal cells and the resulting products of neuronal 
breakdown released back into the neuropil could produce localized vascular effects 
during ischemia or in the reflow period which contribute to the specific vulnerability 
of this region [ 15, 16]. Systemic variables may also cloud the interpretation of thera
peutic effects. The hippocampal protection observed with the specific NMDA recep
tor blocker, MK-801 [12] , may be related to its ability to lower body temperature 
[3], a manipulation which alone prevents ischemic damage [4]. Similarly, dextrometh
orphan, another NMDA receptor blocker which has been shown to be neuroprotec
tive in cortical tissue [II], may attenuate ischemic damage by altering post-ischemic 
perfusion [23]. Studies examining ischemia in dissociated cell culture have addressed 
these issues and demonstrated that calcium mediated, NMDA sensitive cell death oc
curs in vitro [6, 13, 20]. These studies in dispersed cultures cannot, however, examine 
the mechanisms, or even demonstrate the occurrence, of selective hippocampal sub
field vulnerability . In order to isolate the cellular and structural mechanisms of selec
tive cell death in the absence of vascular and systemic factors we examined ischemia
induced necrosis in organotypic hippocampal cultures prepared by the roller tube 
method of Gahwiler [9]. The present work indicates that (I) CA I subfield vulnerabi
lity develops in culture and, (2) MK-801 is effective in decreasing ischemic damage 
in CA I independent of systemic variables. 

Two-week-old cultures were placed in Hank 's balanced salt solution (an equimolar 
concentration of mannitol replaced glucose) and exposed to 85% N 2, I 0% H2 and 5% 
C02 for 30-90 min. Each culture was placed in a 35 mm polystyrene Petri dish and 
covered with 1.5 ml balanced salt solution . Artificial ischemia (AT) was induced in 
a glass desiccator by multiple exchanges of room air using a mild vacuum and replac
ing it with the gas mixture; the desiccator was then sealed and warmed to 37°C. A 
palladium catalyst was used to remove residual oxygen and anaerobic conditions 
were confirmed using a BBL Gas-pak methylene blue indicator. At the termination 
of AI the cultures were returned to their roller tubes in growth medium and main
tained for 48 h. Control cultures were inspected, but not exposed to AI conditions, 
and then further incubated for 48 h. The cultures were then fixed in I 0% buffered 
formalin and stained with Cresyl-violet for demonstration of Nissl substance. Two 
independent observers unaware of culture treatments examined each culture and 
scored the morphologic appearance according to the following 5 point lesion index: 
(I) presence of complete pyramidal and granule cell layers; (2) incomplete, or patchy, 
pyramidal cell loss in CA I; (3) complete pyramidal cell loss in CA I; (4) severe pyra-
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Fig. I. The severity of ischemic damage to hippocampal slice cultures shown as a function of ischemic 
exposure time (mean ±S.E.M .). The lesion index is described in the text. Significant damage was observed 
with 60 min of a rtificial ischemia (164 = 13.38; P < 0.00 I , relative to control ti ssue). Significantly grea ter 
damage was observed following 90 min of ischemia (143 = 3.85; P < 0.00 I , relative to 60 min). 

midal cell damage in all subfields with dentate gyrus preservation; (5) degeneration 
of pyramidal cells and dentate. Fig. I summarizes these results . Up to 45 min of AI 
had little gross effect on the morphologic integrity of the cultures. When AI lasted 
for 60 min, however, there was a significant increase in the incidence of tissue damage 

A 

Fig. 2. Representative examples of a control culture (A), and cultures exposed to 60 (B) or 90 min (C) 
of ischemia . In B there is a selective loss of much of subfield CA I. With longer ischemic exposure (C), 
CA I is entirely destroyed; some neurons are still appa rent in the relatively resistant CA3 subfield (double 
arrowhead) and the dentate gyrus (arrowhead). Cresyl violet stain, x 90. CAl , CA l pyramidal cell layer 
of hippocampus; CA3, CA3 pyramidal cell layer of hippocampus; DG, dentate gyrus granule cell layer. 
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Fig. 3. The presence of 30 JjM MK-801 during 60 min ischemia, and in the 48 h post-ischemia survival 
time, significantly reduced the mean (±S.E.M .) lesion index (141 = 5.24; P< 0.001). The representative cul
ture exposed to ischemia with MK-801 demonstrates significant preservation of the CAl pyramidal cell 
layer. Cresyl violet stain, x 90. 

primarily restricted to subfield CAl (mean lesion index=3.5; 164 = 13.38, P<O.OOI , 
relative to control) . Further increasing AI exposure to 90 min produced significantly 
greater damage involving all subfields of the pyramidal cell layer but often sparing 
portions of CA3 and the dentate gyrus (mean lesion index= 4.6; 143 = 3.85, P < 0.00 I , 
relative to 60 min). Representative micrographs of a normal culture (A), and cultures 
exposed to 60 (B) or 90 min of AI (C) are presented in Fig. 2. The unexposed culture 
appears much as would a hippocampal slice, with a complete pyramidal cell layer 
inserting into the dentate gyrus. After 60 min of AI, and 48 h recovery, there is a 
clear selective loss of pyramidal cells in CA I; subfield CA3 and the dentate gyrus 
are still apparent and appear grossly healthy. With 90 min of AI , much of the entire 
pyramidal cell layer is gone; a small portion of CA3 is still evident as it inserts into 
the dentate hilus (double arrowhead). The infra pyramidal blade and the taper of the 
dentate gyrus are also damaged, but a portion of the suprapyramidal granule cell 
layer is still apparent (arrowhead). 

In a second experiment a subset of cultures was exposed to 60 min of AI in the 
presence of 30 .uM MK-80 I. The same concentration of MK-80 I was present in the 
growth medium during the 48 h prior to fixation and staining. As shown in Fig. 3A, 
MK-801 significantly attenuated the damage produced by AI (mean lesion in
dex= 1.9; 141 = 5.24, P < 0.00 I, relative to 60 min alone). The representative culture, 
exposed to both AI and MK-801, shown in Fig. 3B, demonstrates considerable pres
ervation of neurons in the CA I region relative to the damage observed without 
NMDA receptor blockade (Fig. 2B). 

Studies to date suggest that many characteristics of normal hippocampus are pre
sent in these organotypic cultures [10, 17]. Ischemia in vivo produces an increase in 
extracellular glutamate, an influx of calcium into all hippocampal neurons and, nota
bly, a second, delayed , calcium increase in CAl pyramidal cells [21] . Damage to CAl 
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neurons, moreover, appears to depend on an intact Schaffer collateral projection 
from CA3, most likely as a source of glutamate, since selective destruction of this 
region prevents ischemic damage [2]. The present data indicate that the factors con
ferring subfield CAl selective vulnerability to ischemia also develop 'correctly' in 
organotypic cultures and that neither this vulnerability, nor neuroprotection by MK-
80 I , depends on differential vascular or systemic factors. 

The presence of selective vulnerability to ischemia in organotypic hippocampal cul
tures provides a unique, well controlled, system to study mechanisms of cell loss and 
the efficacy of neuroprotectants. Sampling of chemical factors in the tissue and 
medium, direct placement of drugs and recording electrodes and manipulation of 
intrinsic circuitry can be accomplished with ease. These features make this an attrac
tive model worthy of significant further study. 
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ciously provided by Merck. 

Babb, T. and Brown, J ., Neuronal, dendritic and vascular profi les of human temporal lobe epilepsy 
correla ted with cellula r physiology in vivo. In A. Delgado-Escueta, A. Ward, D. Woodbu ry and R. 
Porter (Eds.), Advances in Neurology, Vol. 60, Basic Mechanisms of the Epilepsies, Raven, New York, 
1986, pp. 949- 966. 

2 Benveniste, H ., Jorgensen, M.B. , Sandberg, M. , Christensen, T ., Hagberg, H. and Diemer, N.H., 
Ischemic damage in hippocampal CA I is dependent on glutamate release and intact innerva tion from 
CA3, J . Cereb. Blood Flow Metab., 9 (1989) 629- 639. 

3 Buchan, A. and Pulsinelli , W., Hypothermia but not the N-methyl-D-aspartate antagonist, MK-801 , 
attenuates neuronal damage in gerbils subjected to transient global ischemia, J. Neurosci. , I 0 ( 1990) 
311 - 316. 

4 Busto, R., Dietrich, W.O., G lobus, M. , Valdes, 1. , Scheinberg, P. and G insberg, M .D., Small di ffe r
ences in int raischemic brain tempera ture critically determine the extent of ischemic neuronal inju ry. 
J. Cere b. Blood Flow Meta b., 7 ( 1987) 729- 738. 

5 Choi, D.W. , Ionic dependence of glutamate neurotoxicity, J. Neurosci., 7 (1987) 369- 379. 
6 Choi, D.W., Maulucci-Gedde, M. and Kriegstein, A.R., Glutamate neurotoxicity in cortical cell cul 

ture, J . Neurosci ., 7 (1 987) 357- 368. 
7 Crain, B.J ., Westerkam, W.O., Harrison, A.H . and Nadler, J.V., Selecti ve neuronal dea th after tran

sient fo rebrain ischemia in the Mongolian gerbil: a silver impregna tion study, Neuroscience, 27 (1988) 
387-402. 

8 Deshpande, J.K ., Siesjii, B.K. and Wieloch, T. , Calcium accumulation and neuronal damage in the 
rat hippocampus following cerebral ischemia, J . Cereb. Blood Flow Metab., 7 (1987) 89- 95. 

9 Gii hwiler, B.H., Organotypic monolayer cultures of nervous tissue, J. Neurosci., Methods, 4 ( 198 1) 
329- 342. 

I 0 Giihwiler, B. H., Development of the hippocampus in vit ro : cell types, synapses and receptors, Neuro
science, II (1984) 75 1- 760. 

II George, C. P., Goldberg, M.P. , Choi, D .W. and Steinberg, G. K., Dextromethorphan reduces neocorti
cal ischemic neuronal damage in vivo, Bra in Res., 440 (1 988) 375- 379. 

12 G ill, R., Foster, A.C. and Woodruff, G.N. , Systemic administra tion ofMK-801 protects against ische
mia-induced hippocampal neurodegeneration in the gerbil , J . Neurosci. , 7 (1987) 3343- 3349. 

13 Goldberg, M.P. , Weiss, J .H., Pham, P.-C., and Choi, D.W., N-methyl-0-aspartate receptors mediate 
hypoxic neuronal injury in cortical culture, J. Pharmacal. Exp. Ther. , 243 (1987) 784-79 1. 



330 

14 G raham, D.l ., Adams, J.H . and Doyle, D., Ischaemic brain damage in fatal non-missile head injuries, 
J. Neurol. Sci. , 39 (1978) 213- 234. 

15 Kazda, S. and Mayer, D., Posti schemic impaired reperfusion and ti ssue damage: consequences of a 
calcium-dependent vasospasm? InT. Godfraind , P.M . Vanhoutte, S. Govoni and R. Pao letti (Eds.), 
Calcium Entry Blockers and Tissue Protection, Raven, New York, 1985, pp. 129- 138. 

16 Laza rewicz, J.W ., Pluta , R. , Salinsk, E. and Puka, M, Beneficia l effec t of nimodipine on metabo lic 
and functional disturbances in rabbit hippocampus following complete cerebral ischemia , Stroke, 20 
(1989) 70-76. 

17 Llano, 1. , Marty, A. , Johnson, J.W ., Ascher, P. and Giihwiler, B.H ., Patch-clamp recording of am ino 
acid-acti va ted responses in 'organotypic' slice cultures, Proc. Nat!. Acad. Sci. U .S.A. , 85 ( 1988) 322 1-
3225. 

18 Press, G.A. , Amaral, D.G. and Squire, L.R ., Hippocampal abnormalities in amnesic patients revealed 
by high-resolution magnetic resonance, Nature, 34 1 (1989) 54-57. 

19 Pulsinelli , W.A. , Brierley, J.B. and Plum, F. , Temporal profile of neuronal damage in a model of tran
sien t forebrain ischemia, Ann. Neurol. , II ( 1982) 491-498. 

20 Rothman, S., Synaptic release of excitato ry amino acid neurotransmitter media tes anoxic neuronal 
death , J. Neurosci. , 4 (1984) 1884- 189 1. 

21 Siesjo, B.K . and Bengtsson, F ., Calcium fluxes, calcium an tagonist s, and calcium-related pa thology 
in brain ischemia, hypoglycemia, and spreading depression: a unifying hypothesis , J . Cereb. Blood 
Flow Metab. , 9 (1989) 127- 140. 

22 Simon, R.P., Swan, J .H. , Griffiths, T. and Meldrum, B.S. , Blockade of N-methyl-o-aspartate receptors 
may protect aga inst ischemic damage in brain, Science, 226 (1984) 850- 852. 

23 Tortella, F.C., Martin, D .A. , Allot , C.P. , Steel, J.A ., Blackburn, T.P., Loveday, B. E. and Russell , N.J. , 
Dextromethorphan attenuates postischemic hypoperfusion following incomplete global ischemia in the 
anestheti zed rat, Brain Res., 482 ( 1989) 179- 183 . 

24 lola-Morgan, S. , Squire, L.R. and Amaral , D.G., Human amnesia and the medial temporal region: 
enduring memory impairment following a bilatera l lesion limited to field CA I of the hippocampus, 
J. Neurosci ., 6 (1986) 2950-2967. 


