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Postischemic Synaptic Physiology in Area CA1 of the Gerbil 
Hippocampus Studied in vitro 
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After transient forebrain ischemia in the Mongolian gerbil, 
CA1 b hippocampal pyramidal cells degenerate during a pe- 
riod of 2-4 d. We tested the hypothesis that this delayed 
neuronal death is preceded by excessive synaptic excita- 
tion. Hippocampal slices were prepared from gerbils that 
had been subjected to a 5 min occlusion of both common 
carotid arteries. Input/output curves demonstrated enhance- 
ment of the initial slope of the Schaffer collateral-commis- 
sural focally recorded EPSP at all stimulus currents between 
5 and 10 hr after the ischemic insult. The duration of the 
focally recorded EPSP also increased. At the same time, the 
excitability of the CAlb pyramidal cells decreased. Thus, 
the EPSP brought fewer pyramidal cells to threshold than 
the same size EPSP in control slices. During the first 14 hr 
after ischemia, the antidromic population spike remained 
unaffected. By 24 hr after ischemia, however, the focally 
recorded EPSP and both orthodromic and antidromic pop- 
ulation spikes were markedly depressed, and they declined 
further over the next 2 d. No recovery was detected. In the 
same slices, transient ischemia only mildly and reversibly 
affected the response of dentate granule cells to perforant 
path stimulation and did not affect their response to anti- 
dromic stimulation. Hippocampal slices adjacent to those 
used for electrophysiological recording were analyzed his- 
tologically. Examination of somatic argyrophilia confirmed 
that CA1 b pyramidal cells suffered delayed neuronal death, 
whereas dentate granule cells remained intact. Pyramidal 
cell argyrophilia was, however, not detected until 2 d after 
these neurons had become virtually inexcitable. 

We conclude that CA1 b pyramidal cells begin to lose elec- 
trophysiological function well before definite morphological 
signs of degeneration become visible. The observation of 
enhanced excitatory transmission 5-10 hr after reperfusion 
is consistent with the idea that delayed ischemic neuronal 
death results, at least in part, from excessive excitation. 

Neuronal cell death plays a major role in the functional deficits 
that follow episodes of cerebral ischemia (Brierley and Graham, 
1984). Among the most vulnerable neurons to ischemia are the 
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CA1 b pyramidal cells ofthe hippocampus. The response ofthese 
neurons is unusual in that overt signs of degeneration are ex- 
pressed gradually over a 2-4 d period. This “delayed neuronal 
death” was originally defined in animal models (Kirino, 1982; 
Pulsinelli et al., 1982; Kirino and Sane, 1984a; Kirino et al., 
1984) but was subsequently described also in humans who were 
resuscitated after cardiac arrest (Petit0 et al., 1987). Experi- 
mental study of delayed neuronal death provides an opportunity 
to delineate the sequence of events between transient ischemia 
and neuronal degeneration, to investigate the factors that lead 
from one to the other, and possibly to devise therapeutic inter- 
ventions. 

The cellular and molecular mechanisms responsible for the 
selective vulnerability of particular CNS neurons to ischemia 
are poorly understood. It is generally believed that intolerance 
or resistance to ischemia reflects differences among neurons in 
their biochemical/biophysical properties and in their innerva- 
tions. Studies of animal models have led to the development of 
an excitotoxic hypothesis for ischemic brain damage (Rothman 
and Olney, 1986; Choi, 1988). An excessively high extracellular 
concentration of excitatory amino acid can destroy any neuron 
that expresses the appropriate receptor (Olney, 1983). In the 
hippocampal formation, ischemia preferentially increases the 
extracellular concentrations of the excitatory transmitters, glu- 
tamate and aspartate (Benveniste et al., 1984; Hagberg et al., 
1985). The exposure of CAlb pyramidal cells to a toxic con- 
centration of excitatory amino acid may initiate the sequence 
of events that leads to the death of these neurons days later. By 
analogy, studies of cortical cell cultures demonstrated a Ca*+- 
dependent form of delayed neuronal death that can be initiated 
by either hypoxia (Goldberg et al., 1986) or a high concentration 
ofexcitatory amino acid (Choi, 1987). However, excitatory ami- 
no acids may play their most crucial role in ischemic neuronal 
death several hours after reperfusion. 

Several observations support the idea that synaptic excitation 
during the first 24 hr after reperfusion plays an etiological role 
in delayed neuronal death. CA1 pyramidal cells receive their 
major innervation from ipsi- and contralateral CA3 pyramidal 
cells via the Schaffer collateral, commissural, and ipsilateral 
stratum oriens pathways (Gottlieb and Cowan, 1973; Swanson 
et al., 1978; Nadler et al., 1980). These excitatory amino acid 
pathways release both glutamate and aspartate (Nadler et al., 
1976; Corradetti et al., 1983; Burke and Nadler, 1988). Both 
excitants, especially aspartate, can destroy hippocampal pyram- 
idal cells (Nadler et al., 198 l), probably through interaction with 
postsynaptic ~-methyl-D-aSpartate (NMDA) receptors. De- 
layed neuronal death appears to result from excessive CaZ+ influx 
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(Choi, 1988), which could result, in turn, from the activation 
of NMDA receptors (Mayer et al., 1987; Murphy et al., 1987). 
Importantly, ischemic damage in area CA1 b can be reduced by 
prior ablation of a hippocampal excitatory pathway (Wieloch 
et al., 1985; Onodera et al., 1986; Johansen et al., 1987; Jar- 
gensen et al., 1987; Kaplan et al., 1989) or by the administration 
of an NMDA receptor antagonist (Boast et al., 1987, 1988; Gill 
et al., 1987). NMDA receptor antagonists are effective even 
when they are administered hours after reperfusion (Boast et 
al., 1988; Gill et al., 1988). A lesion of the Schaffer collateral 
pathway also retains some efficacy when it is made after reper- 
fusion (Johansen et al., 1987). These results imply that ischemic 
degeneration involves the activation of NMDA receptors during 
the period after reperfusion and that preventing activation of 
these receptors can interrupt the degenerative process. 

If CA 1 b hippocampal pyramidal cells die from excessive syn- 
aptic excitation during the period after reperfusion, this could 
come about either through the generation of postischemic sei- 
zures, the excessive firing of CA3 pyramidal cells in the absence 
of seizures, and/or through enhanced excitatory transmission in 
area CA 1 b. The involvement of seizure activity has been ruled 
out (Armstrong et al., 1989), and neuronal hyperactivity short 
of seizures appears insufficient by itself to destroy hippocampal 
neurons (Vicedomini and Nadler, 1987). Therefore, the present 
study utilized the gerbil carotid occlusion model of transient 
forebrain ischemia to test the hypothesis that CAlb pyramidal 
cell degeneration is preceded by a period of enhanced excitatory 
transmission. A preliminary account of this work has appeared 
(Urban et al., 1988). 

Materials and Methods 
Bilateral carotid occlusion. Adult male Mongolian gerbils (3-7 months 
of age, 60-100 gm; Tumblebrook Farms, West Brookfield, MA) were 
anesthetized with 2.5% halothane in room air. The common carotid 
arteries were isolated and occluded with Schwartz clips for 5 min. Body 
temperature was maintained at 36-37°C during the occlusion (see Crain 
et al., 1988). The absence of blood flow during occlusion and the patency 
of the carotid arteries after the release of the clips were verified visually. 
In sham-operated animals, the carotid arteries were exposed but not 
occluded. 

Animals were placed into either of 2 experimental groups. One group 
was used to identify changes in evoked responses within 14 hr after the 
carotid occlusion; the other group to examine changes l-l 0 d after the 
occlusion. In the short-survival group, 7 animals were killed immedi- 
ately after the occlusion while still under halothane anesthesia. The other 
animals in this group were killed after recovery times of l-2 hr (n = 7) 
or 10 hr (n = 5). Members of the long-survival group were studied 1 d 
(n = 8), 2 d (n = 8), 3 d (n = 8) or 10 d (n = 4) after carotid occlusion. 
Both electrophysiological and histological changes were examined in all 
animals. In addition, 7 sham-operated animals (survival times: 5-10 
min (n = 2), 1 d (n = 2), 2 d (n = 2), and 3 d (n = 1)) and 15 unoperated 
control animals were studied. Twenty animals randomly distributed 
among the various treatment groups were selected for blind experiments. 
That is, the electrophysiological recordings and the data analysis were 
carried out without knowledge of when or whether the carotid arteries 
had been occluded. 

Slice preparation and electrophysiological recording. At the appro- 
priate survival times, the brain was removed under ether anesthesia 
(except for the 7 experimental and 2 sham-operated animals that were 
still anesthetized with halothane). The hippocampi were removed and 
transverse slices 400 pm thick were cut from the middle third and 
transferred to an interface chamber (Fine Science Tools, Vancouver, 
B.C., Canada). The slices were maintained in the chamber at 34.5”C, 
oxygenated with warmed, humidified 95%0,/5%CO,, and superfused 
at 2 ml/min with artificial cerebrospinal fluid (ACSF), which contained 
(mmol/liter): NaCl, 130; KCl, 3.5; NaH,PO,, 1.25; NaHCO,, 24; CaCl,, 
1.2; MgSO,, 1.2; D-glucose 10, pH 7.4, gassed continuously with 95% 
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Figure I. Orthodromic population spike and focally recorded EPSP 
(fEPSP) in area CA1 b of control gerbil hippocampal slices. A, The tEPSPs 
were recorded in stratum radiatum (SR) and population spikes in stra- 
tum pyramidale (SP) after Schaffer collateral-commissural stimulation. 
Traces recorded from a single slice are shown at 4, 6, 8, and 10 hr after 
the slice was prepared. Each trace is an average of 10 individual sweeps. 
Responses were evoked by rectangular constant current pulses of 0.1 
msec duration and the indicated intensity. In this and subsequent figures, 
arrow indicate the time of stimulation. B, Mean stimulus/response 
curves at different time intervals after slices were prepared (N = 8-9). 
This plot illustrates the constancy of orthodromic population spike 
amplitude during the recording period. The initial slope of the fEPSP 
remained similarly constant during this period. 

OJ5% CO,. Slices were allowed to recover in the chamber for 2.5 hr 
before experimentation. 

Constant current rectangular stimulus pulses (0.1-0.2 msec, 40-200 
PA) were delivered through an insulated monopolar tungsten electrode 
(Frederick Haer & Co.. Waterville. ME). Extracellular ootentials were 
iecorded with glass micropipettes hlled’with 150 mM GaCl (2-6 Ma). 
To determine input/output functions in area CAlb, a stimulating elec- 
trode was positioned in stratum radiatum to activate the Schaffer col- 
lateral-commissural fibers, and recording electrodes were positioned 
both in the more medial portion of stratum radiatum and in the py- 
ramidal cell body layer. For antidromic activation of pyramidal cells, 
the stimulating electrode was placed in the alveus. In the fascia dentata,, 
focal potentials were recorded in the granule cell layer after stimulation 
of either the perforant path where it passes through the subiculum 
(orthodromic) or the mossy fibers (antidromic). Stimuli were delivered 
at the rate of 0.1 Hz to avoid interaction between individual evoked 
potentials. The responses to 4 pulses were averaged at each stimulus 
intensity (unless stated otherwise), digitized, and stored on computer 
disk. Electrophysiological recordings were made from 2 10 hippocampal 
slices prepared from 69 gerbils. 

Data analysis. Analysis of digitized, averaged data was performed by 
a computer program, which automatically measured voltage differences 
or rates of change (“slopes”) at manually selected points on each wave- 
form (Aitken, 1985). The maximum rate of rise of the focally recorded 
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Figure 2. Orthodromic population 
spikes (SP) and lEPSPs (SR) recorded 
simultaneously at various times after a 
5 min carotid occlusion from 2 different 
slices prepared 2 hr (recorded at 4, 5, 
7 hr) or 10 hr (recorded at 14 hr) after 
the occlusion. Traces represent re- 
sponses of CA1 pyramidal cells to Schaf- 
fer collateral-commissural stimulation 
at the indicated stimulus strengths. Note 
the enhancement of both responses fol- 
lowed by depression, in contrast to syn- 
aptic responses in slices from control 
animals (Fig. 1). 
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EPSP (fEPSP) was measured during the initial 0.5 msec segment of the 
negative wave recorded in stratum radiatum. The amplitude of the 
population spike recorded in stratum pyramidale was measured as the 
difference in voltage between the midpoint of a line drawn between 
onset and termination of the spike and its negative peak (Aitken, 1985; 
Balestrino et al., 1986). The initial slope of the lEPSP provides a measure 
of the synaptic drive imparted to the CA 1 pyramidal cells, whereas the 
amplitude of the population spike is related to the number of pyramidal 
cells brought to threshold by the stimulus (assuming that individual 
action potential amplitudes remain constant) (Andersen et al., 197 1). 
Population spike amplitudes and lEPSP slopes were plotted as a function 
of stimulus intensity (stimulus-response curves). Population spike am- 
plitude was also plotted as a function of fEPSP slope to estimate the 
responsiveness of the pyramidal cell population to synaptic input. 

Grouped data were compared with a 2-way analysis of variance for 
both stimulus current and treatment, where treatment means the various 
time intervals between the end of the carotid occlusion and the record- 
ing. The standard error of percentage changes was calculated as proposed 
by McLean and Welch (197 1). After the analvsis of variance. means of 
the treatment groups were compared with those of unoperated controls 
with a Dunnett test. 

Histology. All hippocampal slices rostra1 and caudal to those selected 
for electrophysiological recording were immediately placed in phos- 
phate-buffered 4% (wt/vol) paraformaldehyde, pH 7.4. After at least 3 
d fixation at 4”C, the slices were frozen and cut into 40-pm-thick sections 
with a rotary freezing microtome. The sections were stained by a silver 
impregnation method which visualizes degenerating neuronal somata 
(Nadler and Evenson, 1989). Observers blinded to the experimental 
conditions and to the results of the electrophysiological experiments 
assessed the extent of neuronal degeneration in each case. 

Results 
Evoked potentials during the first 14 hr after carotid occlusion 
Because hippocampal slices from unoperated and sham-oper- 
ated gerbils yielded indistinguishable results (e.g., Figs. 10, 1 l), 
they were normally combined into a single control group. In 
slices from control animals the threshold stimulus for evoking 
an orthodromic population spike in area CA 1 b was about 40 
MA (0.1 msec pulse duration) and a current of 120-140 PA 
evoked a maximal response. Therefore, all stimulus-response 
curves were constructed with stimulus pulses of 40-140 ALA 
delivered in 20 PA steps. The minimum stimulus strength which 
evoked a fEPSP was determined to be 20 PA (0.1 msec pulse 
duration), and the stimulus-response curve reached a maximum 

at 120-l 40 PA. These curves showed only minor changes during 
recordings made as long as 14 hr after the slice was cut. Figure 
1A shows recordings from a single slice. Figure 1B shows an 
example of averaged stimulus-response curves from all control 
slices that were studied for at least 9 hr. 

In slices cut from gerbils that had undergone transient fore- 
brain ischemia, evoked responses were not statistically different 
from those evoked in control slices for 3-4 hr after the ischemic 
period. Thereafter, marked changes were seen. These changes 
occurred at the same time after reperfusion, whether the slices 
were cut immediately and then maintained in the chamber or 
the animal was killed l-10 hr after the occlusion. Both the 
population spike amplitude and lEPSP slope increased above 
the control value at all stimulus strengths 5-6 hr after the isch- 
emit insult (Figs. 2-4). As expected, this change was most con- 
sistently evident when a stimulus current in the middle of the 
range was used. An 80 PA pulse, for example, evoked a EPSP 
whose slope was on average 85% greater than control and a 
population spike whose amplitude was 68% greater than control 
(Fig. 4). The amplitude of the orthodromic population spike 
then rapidly declined. At 9-10 hr after the occlusion, the pop- 
ulation spike was significantly smaller than control, and at 14 
hr, a single pulse delivered at any stimulus intensity failed to 
drive the pyramidal cells. At the latter time, an orthodromic 
population spike could be evoked only if the synaptic response 
was potentiated (Fig. 5). By contrast, the slope of the fEPSP 
remained significantly elevated between 5 and 10 hr after the 
carotid occlusion. Most strikingly, the slope of the fEPSP could 
be twice or more as steep as control 7-10 hr after the occlusion, 
while the population spike was near its control amplitude or 
smaller. A greatly depressed EPSP could still be recorded 14 
hr after the occlusion, when the orthodromic population spike 
had invariably failed. 

Not only did transient ischemia increase the initial slope of 
the lEPSP, but it also increased its duration (Fig. 6). Responses 
evoked by a 60 PA stimulus were chosen for quantitative anal- 
ysis because the records from stratum radiatum were uncon- 
taminated by a reflected population spike. In slices from 15 
control animals studied every hour, lEPSP duration remained 
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constant for at least 7 hr. In slices prepared from 7 experimental 
animals immediately after ischemia, however, lEPSP duration 
already significantly exceeded the control value 3 hr after prep- 
aration (control: 16.6 & 0.4 msec; experimental: 20.1 f 0.9 
msec [means + SEMI; p < 0.005, Student’s t test after 2-way 
analysis of variance [treatment x time] with repeated measures 
[time] yieldedp < 0.0 1 for both variables and for the interaction 
between them). The duration of the lEPSP increased progres- 
sively with time after the carotid occlusion. Linear regression 
revealed that for the first 7 hr, fEPSP duration increased by an 
average of 1. l-l .2 msec/hr. At the end of this period, the lEPSP 
lasted for 24.4 ? 0.6 msec, compared with a corresponding 
control value of 16.7 f 0.6 msec (means f SEM; p < 0.001, 
Student’s t test). Unfortunately, the analysis could not be con- 
tinued past 7 hr, because most of the slices from experimental 
gerbils did not remain viable much beyond this time. 

The difference in the rates with which the orthodromic pop- 
ulation spike and fEPSP deteriorate is emphasized in Figure 7. 
A given fEPSP elicited a population spike smaller than control 
at all tested survival times. This finding demonstrates a pro- 
gressive loss in pyramidal cell excitability coincident with the 
lengthening of the fEPSP, but which began before the initial 
slope of the lEPSP was enhanced. Thus, transient forebrain 
ischemia in the gerbil alters the response to stimulation of Schaf- 
fer collateral-commissural fibers in 2 ways: by facilitating syn- 
aptic transmission and by depressing pyramidal cell excitability. 

Although all responses to orthodromic stimulation were 
markedly depressed 11 hr after transient ischemia, population 
spikes evoked by antidromic stimuli from 40 to 140 PA re- 
mained unchanged for 14 hr (Figs. 3, 5). Responses evoked in 
the fascia dentata by either orthodromic (Fig. 5c) or antidromic 
stimulation appeared normal throughout this period, although 
this question was not systematically studied. 

Electrophysiological and morphological signs of progressive 
neuronal degeneration 
The earliest histopathologic evidence of ischemic damage ap- 
peared in slices prepared 24 hr after the carotid occlusion (Fig. 
8). At this time CA1 pyramidal cells stained more lightly than 
normal in sections impregnated with silver. The pallor of the 
cytoplasm contrasted with the prominent darkly stained nu- 
cleolus. Somatic argyrophilia was confined to the dentate hilus 
at this time. Two days after the occlusion, many pyramidal cells 
in area CA 1 a had become argyrophilic, but the CA 1 b pyramidal 
cells continued to exhibit pallor. Finally, on the third postisch- 
emit day the CA1 b pyramidal cells also became argyrophilic. 
The dentate granule cells appeared not to have been damaged. 
The extent and time course of somatodendritic degeneration 
observed in the present material were virtually identical to re- 
sults obtained from hippocampi fixed by perfusion in situ (Crain 
et al., 1988). 

Electrophysiological responses to both orthodromic and an- 
tidromic stimulation in area CA 1 b were markedly depressed 1 
d after the carotid occlusion and were virtually absent when 
tested 3 or 10 d after the occlusion. Examples selected from 
single experiments are shown in Figure 9 and statistical com- 
parisons of all data in Figure 10. 

As in the previous series of short-survival experiments, the 
orthodromic population spike decreased in amplitude and dis- 
appeared more rapidly than the fEPSP. By contrast, the com- 
pound action potential of the afferent fibers or presynaptic volley 
was always recorded (Fig. 9) consistent with the relative resis- 
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Figure 3. Effects of transient forebrain ischemia on the orthodromic 
and antidromic activation of CAlb pyramidal cells. Mean values of 
orthodromic population spike amplitude (A), slope of the tEPSP (B), 
and antidromic population spike amplitude (C’) are plotted as functions 
of stimulus strength at various times after a 5 min carotid occlusion. 
Control values were averaged for all recording times because these re- 
sponses were essentially constant (Fig. 1). Experimental values include 
data from all slices, whether prepared immediately after the occlusion 
or l-2 or 10 hr later. Note the transient enhancement of responses to 
orthodromic stimulation and the subsequent depression of orthodrom- 
ically evoked responses before there was any change in amplitude of 
the antidromic population spike. Control, n = 22; 5-6 hr, n = 11; 7-8 
hr, n = 8; 11-14 hr, n = 10. 

tance of the Schaffer collateral-commissural fibers to ischemia 
(Johansen et al., 1984). 

It can be seen in Figures 9 and 10 that the orthodromic pop- 
ulation spike was less profoundly depressed in slices from 1 d 
survivors than it appeared to be at 11-14 hr after the carotid 
occlusion in the first set of experiments (Figs. 2-4). There may 
perhaps be a temporary, paradoxical recovery of the synaptic 
response in the waning hours of the first day. It seems more 
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Figure 4. Statistical analysis of changes 
in the response of CA 1 b pyramidal cells 
to orthodromic stimulation after tran- 
sient forebrain ischemia. Data obtained 
with 2 representative submaximal 
stimulus currents are shown. Each bar 
represents an averaged value of popu- 
lation spike amplitude or fBPSP slope 
expressed as a percentage (+SEM) of 
the control response recorded at an 
equivalent time. The experimental slices 
were prepared immediately after the ca- 
rotid occlusion. The analysis includes 
results from the 7 control and 7 exper- 
imental slices. Two-way analysis of 
variance showed significant differences 
between experimental and control pop- 
ulation spike amplitudes and fEPSP 
slopes evoked at both stimulus inten- 
sities @ < 0.0 1 for both treatment and 
stimulus current). *p < 0.05; **p < 0.0 1 
(Dunnett test, Q29). 

likely, however, that this discrepancy is due to the different 
conditions employed in the 2 sets of experiments. In the first 
series of experiments, the slices were prepared soon after the 
ischemic insult and then maintained in a superfusion chamber. 
In the second series of experiments, the hippocampus remained 
in situ for 24 hr after the carotid occlusion and the recordings 
were made 2.5 hr thereafter. Possibly the degenerative process 
proceeds somewhat more rapidly in a superfused hippocampal 
slice than in the intact animal. 

Transient ischemia also tended to depress the population spike 
evoked on the first, second, and third postischemic days by 
perforant path stimulation in the fascia dentata (Fig. 11). There 
was, however, much greater variability in the postischemic or- 
thodromic recordings from the fascia dentata than in those from 
area CA 1 b; thus, the apparent depression of the perforant path 
population spike was not statistically significant. Full recovery 
was obtained by the 10th postischemic day. Measurements of 
the antidromic population spike in the fascia dentata were much 
more consistent, and no significant changes were observed. 

A ANTICIROM 6 ORTHOOROM 

3-4h 5-6h 7-8h 9-10h 1 l-14t I 

60 

2 mV 
-I 

10 msec 

Figure 5. Selective reduction of the Schaffer collateral-commissural 
population spike 14 hr after transient ischemia. Antidromic population 
spikes were present at this time (A), whereas a single orthodromic stim- 
ulus failed to evoke a population spike (B). However, an orthodromic 
population spike could still be evoked by the second of a pair of stimuli 
separated by 20 msec. In contrast to area CA1 b, an orthodromic pop- 
ulation spike could be evoked in the fascia dentata with a single stimulus 
to the perforant path (C). 

Discussion 
In addressing the mechanism of delayed neuronal death, the use 
of hippocampal slices permits a distinction between electro- 
physiological changes attributable to the effects of ischemia on 
the degenerating neurons themselves and changes in relatively 
normal neurons produced secondarily by an abnormal postisch- 
emit environment in situ. This approach eliminates such pos- 
sible complicating factors as damage to cerebral blood vessels 
and reduces the influence of others, such as acidosis and hy- 
perkalemia, especially when slices are prepared soon after re- 
perfusion. An important finding of this study was that the short- 
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Figure 6. Bilateral carotid occlusion increases the duration of the tBPSP 
evoked by stimulation of the Schaffer collateral-commissural fibers in 
area CA1 b (stimulus strength, 60 PA). Traces were recorded 3 and 7 hr 
after the slice was prepared. The experimental slice was prepared im- 
mediately after the occlusion. 
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Figure 7. Orthodromic population spike (Ps) amplitude, as a function 
of Schaffer collateral-commissural fEPSP slope after transient forebrain 
ischemia. The shift of the curve to the right suggests a progressive 
depression of pyramidal cell excitability which begins even before the 
tEPSP is enhanced. See Figure 3 for other details. 

term effects of transient ischemia proceeded at about the same 
rate in vitro as they did in situ. Thus, electrophysiological changes 
which took place during the first 14 hr were detected at the same 
time after the carotid occlusion, regardless of when the slice was 
cut. This observation encourages the view that postischemic 
events identified in vitro also occur in situ. 

With use of hippocampal slices, transient ischemia was found 
to produce 2 changes in the excitatory synaptic physiology of 
area CA 1 b: an enhancement of the Schaffer collateral-commis- 
sural fEPSP that was most dramatic between 5 and 10 hr after 
reperfusion and depression of pyramidal cell excitability 
throughout the period of observation. 

Enhanced fEPSP 
Transient enhancement of the Schaffer collateral-commissural 
fEPSP several hours after reperfusion was the most interesting 
finding of this study. Both the initial slope and the duration of 
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the fEPSP increased. This result is consistent with the idea that 
a brief period of ischemia leads to facilitation of excitatory 
synaptic transmission and thus to excitotoxic cell death. Tran- 
sient ischemia did not, however, alter the response of dentate 
granule cells to stimulation of the perforant path at this time. 
Thus, the delayed enhancement of excitatory synaptic trans- 
mission may be specific to regions of ischemic damage. 

Even though the amplitude of the orthodromic population 
spike initially increased along with the fEPSP, pyramidal cell 
excitability was already impaired 4 hr after the ischemic insult, 
and it declined progressively with time. That is, the larger fEPSP 
brought a smaller number of pyramidal cells to threshold than 
did the same size lEPSP in control slices. The changes in both 
the tEPSP and orthodromic population spike could be largely 
explained by hyperpolarization of the postsynaptic cell, as by 
the activation of a resting K+ conductance. Cerebral ischemia 
induces states of hypoxia and hypoglycemia within the brain, 
and each of these states activates a K+ conductance in hippo- 
campal pyramidal cells (Hansen et al., 1982; Fujiwara et al., 
1987; Krnjevic and Leblond, 1987; Spuler et al., 1988). How- 
ever, enhancement of K+ conductance is reversible after reox- 
ygenation or restitution of normal glucose. Another possibility 
is that the enhancement of Schaffer collateral-commissural syn- 
aptic transmission and the loss of pyramidal cell excitability 
were at least partially independent events. In principle, synaptic 
transmission could have been enhanced through either increased 
transmitter release or an augmented postsynaptic response to 
the transmitter. These possibilities cannot be distinguished by 
the present experimental approach. However, our knowledge of 
transmission at Schaffer collateral-commissural synapses sug- 
gests several mechanisms by which either transmitter release or 
the postsynaptic response to the transmitter could be enhanced. 

During low-frequency stimulation of the Schaffer collateral- 
commissural fibers, as employed in the present study, synaptic 
transmission normally involves activation of only the postsyn- 
aptic quisqualate receptor (Collingridge et al., 1983; Ganong et 
al., 1986). Quisqualate receptor activation presumably depends 
on the release of glutamate only, because aspartate appears to 
interact very weakly with this receptor (Honor6 et al., 1982; 
Mayer and Westbrook, 1987). However, NMDA receptors also 

Figure 8. Hippocampal area CAlb from a control slice (A) and from a slice cut 10 (B), 24 (C’) or 72 (D) hr after a bilateral carotid occlusion. 
Silver impregnation. Pyramidal cell bodies are normally stained in A and B. In C, their cytoplasm stains so poorly that only their prominent 
argyrophilic nucleoi can be clearly seen. In D, the neurons exhibit the argyrophilia characteristic of degenerating somata. Scale bar, 100 pm. 



3972 Urban et al. * lschemia and Hippocampal Synaptic Transmission 

CONTROL 7h DAY 1 DAY 2 

SR: 
CA11 +lv---r 

Figure 9. Effect of a 5 min carotid oc- 
clusion on orthodromically evoked re- 
sponses recorded in stratum radiatum 
(SR) and stratum pyramidale (SF’) of 
hippocampal area CA1 b and in the 
granule cell layer of the fascia dentata 
(FD). Each column of traces was re- 
corded from an individual slice studied 
at the indicated survival time. CON- 
TROL recordings represent responses 
in a hippocampal slice prepared from 
an unoperated animal. The selective loss 
of synaptic transmission in area CA 1 b 
is demonstrated by the relative con- 
stancy of the synaptic responses re- 
corded in the fascia dentata (FD) of the 
same slices. Note the persistence of a 
“presynaptic volley” in stratum radia- 
turn of area CA1 throughout this peri- 
od. 

DAY 10 

L 

exist at this site and their activation contributes to the EPSP 
under certain circumstances: during high-frequency stimulation 
(Herron et al., 1986; Collingridge et al., 1988b), when the post- 
synaptic cell is tonically depolarized (Collingridge et al., 1988a), 
when synaptic inhibition is reduced (Wigstrom et al., 1985; 
Dingledine et al., 1986; Collingridge et al., 1988a), or when the 
extracellular concentration of Mg2+ is reduced (Herron et al., 
1985; Coan and Collingridge, 1987; Collingridge et al., 1988a). 
Both glutamate and aspartate serve as agonists at the NMDA 
receptor (Olverman et al., 1984; Mayer and Westbrook, 1987). 
Thus, the precise effect of enhanced excitatory transmitter re- 
lease would depend on whether the release of glutamate, as- 
partate, or both was enhanced, as well as on whether conditions 
existed that favored the activation of normally dormant NMDA 
receptors. 

One piece of evidence consistent with elevated transmitter 
release is the rapid down-regulation of adenosine Al receptors 
observed after brief forebrain ischemia in the gerbil (Lee et al., 
1986). Endogenous adenosine depresses the release of both glu- 
tamate and aspartate at Schaffer collateral-commissural syn- 
apses by activating the Al receptor (Burke and Nadler, 1988). 
Furthermore, adenosine receptor agonists can protect vulnera- 
ble neurons from ischemic, hypoxic, or hypoglycemic damage 
(Evans et al., 1987; Goldberg et al., 1988). Thus, transient isch- 
emia might enhance the release of these transmitters by reducing 
the ability of adenosine to regulate the release process. 

The postsynaptic response to transmitter could have been 
enhanced in several ways. One attractive possibility is the in- 
volvement of NMDA receptors in the EPSP. When the Mg2+ 
block of the NMDA receptor channel is overcome through re- 
petitive stimulation, depressed synaptic inhibition, or reduction 
of the extracellular Mg2+ concentration, activation of this re- 
ceptor adds a slowly developing and long-lasting component to 
the EPSP (Collingridge et al., 1988a). Thus, a progressive en- 
hancement of NMDA receptor function could account for the 
increased duration of the fEPSP. Such an effect might also have 
increased the initial slope of the fEPSP, although the degree to 

k 2 mV 
I 

10 msec 

which activation of the NMDA receptor can influence fEPSP 
slope remains to be determined. Transient ischemia might un- 
mask NMDA receptors by increasing receptor density, depress- 
ing synaptic inhibition, tonically depolarizing the pyramidal cell 
or changing the structure or conformation of the receptor. Re- 
cently, Andint et al. (1988) reported enhanced stimulation-in- 
duced Ca2+ uptake in the dendritic layer of area CA1 6 hr after 
transient ischemia in the rat. This Ca*+ uptake was reduced by 
administration of the NMDA receptor antagonist ketamine, 
supporting the involvement of synaptically activated NMDA 
receptors in neuropathological events during the postischemic 
period. The ability of NMDA receptor antagonists to attenuate 
the ischemia-induced degeneration of CA 1 pyramidal cells when 
they are administered hours after ischemia (Boast et al., 1988; 
Gill et al., 1988) encourages the view that unmasking of NMDA 
receptors does in fact take place. 

Loss of pyramidal cell excitability 

The progressive loss of pyramidal cell excitability must be at 
least partly related to the degeneration of CA 1 b pyramidal cells, 
although the involvement of other possible factors, such as en- 
hanced synaptic inhibition, cannot be excluded. Because the 
duration of the fEPSP increased and pyramidal cell excitability 
declined over similar time courses, these 2 effects of ischemia 
may have similar underlying mechanisms. For example, if the 
larger fEPSP resulted from the progressive unmasking of NMDA 
receptors, the same mechanism could lead to pyramidal cell 
dysfunction. Studies of this question are in progress. 

The orthodromic population spike was affected at a much 
earlier stage than the antidromic population spike. This differ- 
ence does not necessarily imply the existence of separate mech- 
anisms, however, because the relative insensitivity of the an- 
tidromic spike may simply reflect the higher safety factor for 
the generation of antidromic, as opposed to orthodromic, action 
potentials. Because depressed excitability in response to or- 
thodromic stimulation occurs at a time when the degenerative 
process can be halted by appropriate interventions (Johansen 
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Figure 10. Quantitative analysis of evoked responses in area CA1 b l- 
3 d after a 5 min carotid occlusion. Each bar represents an averaged 
value of population spike amplitude (A, C) or slope of the fEPSP (B) 
expressed as in Figure 4. Slices from 15 unoperated gerbils were used 
as controls for these measurements. All slices from sham-operated an- 
imals yielded similar results, regardless of the survival time. Therefore, 
data from all these slices were combined. Note the marked decline of 
all evoked responses 1 d after transient ischemia and the loss of virtually 
any response on day 3. (NSHAM = I; N,,,, = 8; NDAYZ = 8; NDAY) = 8) 
**p < 0.01 [Dunnett test: &(A), 119; df(B), 87; df(c), 71; after 2-way 
analysis of variance yielded p < 0.01 for both treatment and stimulus 
current]. 

et al., 1987; Boast et al., 1988; Gill et al., 1988) this effect of 
ischemia characterizes an early, reversible stage of degeneration. 
No histopathological changes were observed in area CAlb at 
this time. Indeed, depressed excitability might be viewed simply 
as a “compensatory” response to enhanced synaptic function. 
The orthodromically evoked, but not the antidromically evoked, 
firing of CA 1 b pyramidal cells is also depressed during super- 
fusion of hippocampal slices with a medium deficient in glucose 
(Fan et al., 1988). 

In contrast, the depression of antidromically evoked firing, 
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- I  
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Figure 11. Quantitative analysis of orthodromic and antidromic pop- 
ulation spikes recorded in the fascia dentata at various times after tran- 
sient forebrain ischemia (for details see Figures 4 and 10). None of the 
apparent changes was statistically significant 0, > 0.05 for both treat- 
ment and stimulus current by 2-way analysis of variance). The number 
of slices used in these experiments was the same as indicated in Figure 
10, except that NnA,,, was 4. 

first detected 24 hr after ischemia, appears to be associated with 
pathological changes in the CAlb pyramidal cell that may be 
irreversible. When the antidromic population spike declines, 
the nucleoli of these cells exhibit intense argyrophilia and stand 
out prominently against the very pale cytoplasm. This pallor 
may be the light microscopic expression of the disaggregation 
of polyribosomes and dilation of the cistemae of the endoplas- 
mic reticulum demonstrated by electron microscopy (Kirino 
and Sano, 1984b; Petit0 and Pulsinelli, 1984). At 72 hr after 
ischemia, there was a striking correlation between the almost 
complete loss of response to stimulation and the development 
of somatic argyrophilia by virtually all the CA1 b pyramidal 
cells. These changes in pyramidal cell excitability may be con- 
trasted with the modest effects of transient ischemia observed 
in the fascia dentata. In the latter region, the orthodromic pop- 
ulation spike was slightly, but only transiently, depressed l-3 
d after ischemia and the antidromic population spike was little 
affected. In accordance with the recovery of a normal synaptic 
response and retention of antidromically evoked firing, there 
was no morphological evidence of granule cell degeneration. 

Although we found a strong quantitative correlation between 
pyramidal cell degeneration and the loss of electrophysiological 
responsiveness by these cells, pyramidal cell excitability mark- 
edly declined before clear morphological signs of degeneration 
appeared. Neither orthodromic nor antidromic stimulation 
evoked a sizable population spike 24 hr after ischemia. Yet 
previous histological (Kirino, 1982; Kirino and Sano, 1984a; 
Crain et al., 1988) and electron microscopic (Kirino and Sano, 
1984b) studies suggested that the CA1 b pyramidal cells do not 
degenerate for another 2 d. We confirmed in the present study 
that these cells do not become argyrophilic until about 72 hr 
after ischemia. Thus, ischemia-induced degeneration of CA1 b 
pyramidal cells may proceed more rapidly than morphological 
studies would suggest. 

The peculiar appearance of CA 1 b pyramidal cells 24-48 hr 
after transient ischemia merits additional comment. Our elec- 
trophysiological data suggest that an intensely argyrophilic nu- 
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cleolus and pale cytoplasm denote a neuron that, while still 
intact, has lost its functional competence. Recent studies dem- 
onstrated that CA 1 b pyramidal cells which were protected from 
ischemia-induced degeneration by prior ablation of an excita- 
tory hippocampal pathway (Kaplan et al., 1989) or by admin- 
istration of an NMDA receptor antagonist (Warner et al., 
1990) also exhibit this abnormal appearance and retain it for 
several weeks at least. These findings are relevant to the pro- 
posed clinical use of NMDA receptor antagonists to prevent 
ischemic brain damage (Meldrum, 1985; Rothman and Olney, 
1986; Choi, 1988). It seems possible that neurons saved from 
ischemia-induced degeneration by interrupting the excitotoxic 
process are so damaged that, although viable, they are unable 
to carry out their normal physiological functions. If so, then 
conventional morphological assessments of ischemic damage 
overestimate the efficacy of anti-ischemic drugs. One might more 
realistically assess the benefits of treatment through electro- 
physiological monitoring and/or careful analysis of silver-im- 
pregnated brain sections. 
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