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Abstract-Recent studies have shown that prolonged stimulation of a&rents of the rat fascia dentata 
in ciao leads to the development of chronic epileptiform activity of the dentate granule cell region, and 
degeneration of certain cell types in the adjacent hilus. To investigate the development of dentate 
hyperexcitability and the selective vulnerability of hilar cells, the hippocampal slice preparation offers an 
in vitro model in which cellular mechanisms can be examined. We have recorded intracellularly from 
granule cells and hilar cells in tissue slices from rat before, during, and following sustained stimulation 
of the major afferent input to the dentate gyrus. the perforant path. 

Results from intracellular studies in slices were consistent with the in uivo studies. Hilar cells were far 
more sensitive to short-term or prolonged perforant path stimulation than granule cells. At a time when 
the granule cell population response was not affected by prolonged stimulation, simultaneous recordings 
from hilar cells and some granule layer interneurons showed that these cells were already depolarized, had 
very low input resistance, and showed other electrophysiological changes indicative of deterioration. 
In contrast, granule cells generally hyperpolarized during stimulation and their input resistance increased; 
no signs of injury were evident in granule cells. Some stimulus-induced changes in the physiological 
characteristics of granule cells, such as decreased spike frequency adaptation and reduced inhibitory 
postsynaptic potentials, may contribute to the development of dentate hyperexcitability. 

Recent studies have demonstrated that sustained 

afferent stimulation of the rat dentate gyrus in tlioo 

produces chronic epileptiform activity, as assessed 

with extracellular recordings from the dentate 

granule cell body layer. ‘9.29.30 Specifically, long-term 
stimulation of the perforant path input in the dentate 
gyrus (20 Hz stimulation for 2 h or intermittent 
stimulation for 24 h) led to dramatic changes in 
the electrophysiological responses of the granule cell 
population: “paired” or “twin” pulse inhibition 
was irreversibly reduced, and multiple population 
responses (population “spikes”) were elicited by a 
single stimulus, instead of the typical single popu- 
lation spike. Histological examination of stimulated 
tissue revealed degeneration of specific cell types in a 
region adjacent to the granule cell layer, the hilus of 
the fascia dentata.‘“,29,‘0 The affected hilar cell types 
appeared to be the large, spiny “mossy” cells, and 
some aspiny local circuit neurons.‘9.‘9.3” 

To pursue the cellular mechanisms underlying the 
development of granule cell hyperexcitability and 
apparent selective vulnerability of hilar cells, we 

__ 

Abbret~iations: AHP, afterhyperpolarization; AP. action 
potential; DAP, depolarizing afterpotential: EPSP, 
excitatory postsynaptic potential; IPSP, inhibitory post- 
synaptic potential; ISI, interstimulus interval; R,,, input 
resistance; RMP, resting membrane potential; SD, 
spreading depression. 

recorded from neurons in the fascia dentata of the 
hippocampal slice preparation. Intracellular response 
characteristics were assessed before, during, and at 
several intervals after sustained stimulation. Several 
cell types were examined intracellularly: (1) granule 
cells, (2) the large, spiny “mossy” cells located in 
the hilus ‘.*L*~ and (3) “fast spiking”’ interneurons, 
located either in the granule cell layer*’ or in the 

hilus.’ Simultaneously, an extracellular recording 
electrode, placed in the granule cell layer, was used to 
monitor the granule cell population response. 

EXPERIMENTAL PROCEDURES 

Slice preparaiion and maintenance 

For preparation of hippocampal slices, adult male 
or female Sprague-Dawley rats (Tyler, Bellevue, WA) 
(15&200 g) were decapitated and the brain quickly 
removed. The cerebral hemispheres were separated at the 
midline with a razor blade, and one hemisphere was briefly 
placed in ice-cold buffer. A portion of the hemisphere 
containing the hippocampus was removed, by making two 
parallel cuts through the hemisphere at an angle diagonal to 
the midline (Fig. IA). The underlying subcortical tissue was 
trimmed from the block of tissue, and the rostra1 cut surface 
was fixed to a Teflon-coated plate with cyanoacrylate 
(Krazy glue; Fig. IA). The block was submerged in cold, 
oxygenated buffer, and cut into 400-pm-thick sections with 
a Vibroslicer (Frederick Haer). 

Following tissue slicing, all slices were immediately placed 
in an interface recording chamber, and perfused (1 ml/min) 
with warmed (35 C), oxygenated (95% 02, 5% COz), 
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Fig. 1. Experimental procedures. (A) Preparation of  hippo- 
campal slices. Left: a dorsal view of  the left cerebral 
hemisphere is shown, illustrating the parallel cuts made to 
isolate the hippocampus (HC; shaded). Right: the rostral cut 
surface of  the tissue block (made as shown on the left) was 
fixed to a Vibratome stage and sliced into 400-#m-thick 
sections. NEO, neocortex overlying the hippocampus. 
(B) Extracellular recordings. Stimulation of the outer mol- 
ecular (dendritic) layer of the dentate gyrus evoked a 
negativity ("population spike") superimposed on a positive 
wave ("somatic population EPSP") in extracellular record- 
ing from the granule cell body layer. The population spike 
was measured as the mean of the distances (x-y)  and (y-z) .  
Point "y"  marks the peak of  the population spike. Point 
" x "  marks the peak of  the somatic population EPSP. 
(C) A schematic diagram of  the dentate gyrus is shown. 
DEND, dendritic layer; GCL, granule ceil body layer; PCL, 
pyramidal cell body layer. Typical extracellular (EX) record- 
ing and stimulation (STIM) sites are shown. The area where 

hilar cells were impaled is shaded. 

modified Krebs-Ringer buffer (in mM): 125 NaC1, 5 KC1, 
2 CaC12, 1 MgSO4, 1.25 NaHPO4, 26 NaHCO3, and 10 
dextrose (pH = 7.4). 25 Our slicing procedure was used to 
provide optimal tissue slices; there were smaller population 
spikes, less paired-pulse inhibition, and little evidence of 
viable hilar cells when the hippocampus was completely 
removed from surrounding tissue during dissection and 
slices subsequently cut using a tissue chopper. 

Recording and stimulation 
Extracellular recording electrodes (filled with 1-2 M NaC1; 

2 10 M~) and intracellular electrodes (4 M KCH3COOH 
and 0.25 M KC1; 80-200 Mf~) were pulled using a Brown- 
Flaming horizontal puller (Sutter) and capillary-filled 
borosilicate glass (inner diameter, 0.6 mm; outer diameter 
1.0mm; A & M  systems). There was no evidence  that 
changes in population responses reported in this study were 
due to leakage of  NaC1 from the low resistance extracellular 
recording electrodes, since extracellular recordings in the 
absence of  sustained stimulation did not change over several 
hours. Bipolar stimulating electrodes were made from 
twisted, Teflon-coated stainless steel wire (100 #m between 
the center of  the poles). Rectangular current pulses 
(10-500 nA, 50-100 #s, 0.1 Hz during baseline data collec- 
tion) were used for stimulation. No visible changes in 
the slice, such as deposits from the stimulating electrode, 
occurred during sustained stimulation. A high input 

impedance, dual intracellular amplifier with a bridge circuit 
(Neurodata IR-283) was used for intracellular recording, 
during which bridge balance was continuously monitored. 
Data were recorded on tape (Neurocorder DR-284) and 
analysed by computer (Norland 3001 DMX). 

Data analysis 
Extracellular responses. Typical extracellular responses to 

perforant path stimulation are shown in Fig. lB. Recordings 
in the granule cell layer consisted of a sharp negativity 
superimposed on a positive wave. The positivity represents 
subthreshold responses (excitatory postsynaptic potentials, 
EPSPs, and inhibitory postsynaptic potentials, IPSPs) 
evoked in granule cells, and will be referred to as the 
"somatic population EPSP" (see Fig. 1B). The somatic 
population EPSP was measured from baseline to peak 
(Fig. 1B). The negativity superimposed on the somatic 
population EPSP reflects the summation of  action potentials 
(APs) firing synchronously in the granule cells near to the 
recording electrode, and will be referred to as the "popu- 
lation spike". Population spike amplitude was measured as 
the mean of the amplitudes of  the two negative-going 
deflections that comprise the population spike (see Fig. 1B). 
Extracellular recording in the outer molecular (dendritic) 
layer was used to record the dendritic population EPSP 
(see Fig. 1C), which was measured from baseline to the 
peak negativity. ExtracelIular recording electrodes were 
positioned 50-200 #m deep in the slice to record the maxi- 
mal response to a single stimulus. 

Intracellular responses. Subthreshold responses to stimu- 
lation were measured from baseline to peak depolarization 
(EPSPs) or hyperpolarization (IPSPs). APs, afterhyper- 
polarizations (AHPs) following single APs or following 
trains of APs evoked by intracellular current pulses (burst 
AHPs), and depolarizing afterpotentials (DAPs), were 
measured from resting membrane potential (RMP) to peak. 
Burst AHPs elicited before and after sustained stimulation 
were compared in two ways: (1) the burst AHPs following 
a constant number of  APs were compared, and (2) burst 
AHPs following the responses to a fixed amplitude and 
duration of intracellular current pulses were compared. The 
AHPs elicited after sustained stimulation were compared 
at the same membrane potentials as were used to examine 
the AHP prior to stimulation, using d.c. to modify post- 
stimulation membrane potential as needed. Current-  
voltage ( I -V)  relations were determined from responses to 
rectangular current pulses of various amplitudes (+  1.0 to 
- 1 . 0  nA), 100-200 ms duration, measured at steady state. 
The I - V  relations before and after sustained stimulation 
were always compared at the same membrane potential. 
Bridge balance was continuously monitored when d.c. was 
passed. Input resistance (Rin) was calculated from the slope 
of  the linear portion of  the I V curve. 

Differentiation of  cell types 
Granule cells and many of  the interneurons were impaled 

in the granule ceil layer or on the border of the granule cell 
layer and the hilus (Fig. 1C). Spiny hilar cells (most of which 
are "mossy" cells ~) and hilar interneurons were impaled in 
an area over 200 #m from that part of  the pyramidal cell 
layer that extends into the hilus (Fig. 1C). 

In cases where different cell types were situated in the 
same areas, cell typing was based on electrophysiological 
properties. For example, granule cells are easily dis- 
tinguished from the interneurons located in the granule cell 
layer: granule cell APs are followed by a triphasic after- 
potential, and respond to a constant current stimulus 
with pronounced spike frequency adaptation 6 (Fig. 3B). 
In contrast, interneurons have a monophasic, brief, 
purely hyperpolarizing afterpotential, and lack frequency 
adaptation 9,n,13,27 (Figs 10, 11). 

In the hilar region there are two cell types that are easily 
distinguished electrophysiologically: large, spiny "mossy" 
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cells, and interneurons. Mossy cells and other spiny hilar 
cells have similar electrophysiological properties (un- 
published observations) and will be referred to as “mossy 
cells”. Mossy cells have electrophysiological characteristics 
similar to those of area CA3 pyramidal cells, except that the 
mossy cells demonstrate a higher frequency and larger 
amplitude of spontaneous EPSPs, a higher R,, and longer 
time constant$ they are also much more sensitive to 
stimulation of the perforant path (Fig. 6). Furthermore, 
their responses to intracellular current injection. and the 
AHP following single APs are much more variable than 
those of CA3 pyramidal cell? (Fig. 7). Although there are a 
variety of morphological subtypes of spiny and aspiny hilar 
interneurons.’ displaying many neurotransmitter pheno- 

types. ‘“x in the present study we have not attempted to 
differentiate them on the basis of their response to sustained 
stimulation. 

E.uperimmtal protocol for sustained stimulation 

In all experiments, one extracellular electrode was placed 
on the border of the granule cell layer and the hilus, to 
monitor the population response of granule cells. A stimu- 
lating electrode was placed on the surface of the slice, over 
500 pm from the recording electrodes, in the outer molecu- 
lar layer, to stimulate the perforant path axons (Fig. IC). 
The stimulating electrode was placed far away from the 
extracellular electrode, and low stimulus intensities were 
used, so that granule cells would be activated synaptically 
rather than directly. (It is important to note that in the 
in Go studies after which this in vitro experiment was 
modeled,‘y.‘9.‘0 stimulation was applied to the angular 
bundle rather than the outer molecular layer.) In some 
experiments, a second extracellular recording electrode 
monitored the dendritic population EPSP (Fig. IC); other- 
wise, a second recording electrode was used for intracellular 
recording. Granule cells were impaled 50-100 pm from the 
extracellular electrode in the granule cell body layer. Hilar 
cells were impaled at least as far from the stimulating 

electrode as the extracellular electrode (i.e. > 500 pm). and 
often farther (up to 2 mm from the stimulating electrode). 

All cells had RMPs of at least -5OmV, and R,, over 
40 MR. Population responses met the following criteria: 
(1) the maximum amplitude of the somatic population EPSP 
was over 5 mV (range: 5-12 mV), and (2) when two identical 
stimuli were delivered 7ms apart, the amplitude of the 
second population spike was completely inhibited (i.e. 
Fig. 2). This type of inhibition, a reduction in the population 
spike of the response to the second stimulus of a pair, we 
refer to as paired-pulse inhibition, and is likely to be a result 
of feed-forward and recurrent inhibition4.14 Typically. 
paired-pulse inhibition occurred in our preparation when 
interstimulus intervals (ISIS) were between 5 and 25 ms; 
paired-pulse facilitation predominated when ISIS were be- 
tween 25 and 100 ms. Apparent paired-pulse inhibition was 
also evident in the dendritic population EPSP; however, it 
is likely that this inhibition reflects inhibition of the popu- 
lation spike, since the population spike contaminates 
the peak of the dendritic population EPSP. During each 
experiment, paired-pulse inhibition was monitored using at 
least three stimulus strengths, to elicit a minimal (l-2 mV), 
intermediate (2-5) and maximal (> 5) population spike 
amplitude. From three to 10 ISIS were used, ranging from 
5 to 150 ms, to assess paired-pulse inhibition. 

Sustained stimulation consisted of stimulus frequencies 
and patterns similar to those used in the in ciao studies: 
(1) 20 Hz, continuous stimulation, or (2) “intermittent” 
stimulation.‘9.‘9.2” Intermittent stimulation consisted of 
paired pulses (IS1 = 30 ms) delivered at 2 Hz for 25 s. alter- 
nating with a period of single stimuli at 20 Hz for 5 s. A 
stimulus intensity was used for sustained stimulation that 
evoked a 24mV population spike to a single stimulus. 
Stimulation was interrupted every l-5 min to assess changes 
in paired-pulse inhibition of the population spike and in cell 
properties. When there were long lasting (> IS min) changes 
in paired-pulse inhibition or cell properties, stimulation was 
stopped 

Fig. 2. Reduction in paired-pulse inhibition following sustained stimulation. (A) Simultaneous recordings 
are shown from the granule cell body layer (top) and the dendritic layer (bottom), before (PRE STIM) 
and 5 min following (POST STIM) sustained stimulation. I, Response to the first stimulus of a pair of 
identical stimuli; 2, response to the second stimulus of the pair. IS1 = 7 ms; 3, response to the second 
stimulus of another pair of stimuli (IS1 = 1Oms); 4, response to the second stimulus of a third pair of 
stimuli (IS1 = 30ms). Stimulus strengths were identical for all stimuli shown in 14. In all figures, 
unaveraged traces are illustrated; stimulus artefacts are marked by the dots and are clipped. (B) Graphical 
representation of data from an experiment similar to A. Y-axis: population spike amplitude evoked in 
response to the second stimulus of a pair, expressed as a percentage of the population spike evoked by 
the first stimulus. Closed circles, responses elicited prior to sustained stimulation; open circles, responses 
elicited 15 min following sustained stimulation. (C) Simultaneous recordings are shown from the granule 
cell body layer (extracellular recording; top) and from a granule cell recorded intracellularly (bottom), 

prior to (PRE) and 15 min following (POST) sustained stimulation. 
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E.urrucellular recording. In 64 different slices from 
53 rats. the granule cell population spike was moni- 
tored during sustained stimulation. Population spikes 
were sampled from upper (n = 39) or lower (n = 25) 
blade. Prior to sustained stimulation paired-pulse 
inhibition was always evident in the population spike. 

The end result of sustained stimulation, regardless 
of the frequency used. was the same in all slices. After 
only I 5 min of stimulation. paired-pulse inhibition 
was reduced (Fig. 2A). In many cases, paired-pulse 
facilitation occurred following sustained stimulation 

(i.e. the response to the second stimulus of a pair 
was larger than the rcsponsc to the first stimulus: 
Fig. 2A.B). In all experiments the most striking 
changes in paired-pulse inhibition occurred when 
ISIS were between 7 and 20 ms (Fig. 2A.B). In 62.5”% 
of experiments. loss of paired-pulse inhibition was 

accompanied by the development of multiple (two 
to six) population spikes in rcsponsc to the second 
stimulus of the pair. Paired-pulse inhibition recovered 
in seconds following short (IL5 min) periods of 
stimulation. When longer periods of stimulation 
(25 90 min) were tested, paired-pulse inhibition was 
lost and did not recover in 2 h following the end of 
the stimulation period. That is, given a sufficient 
period of sustained stimulation. there was always a 
long-lasting reduction in paired-pulse inhibition. 

l~~rrtrcdlulur rccorfling. In 25 experiments. extra- 
cellular recordings were made from the granule cell 
body layer while intracellular recordings were made 
from a granule cell. In five of these experiments 20 HI 
stimulation was used. and in 20 of these experiments 
intermittent stimulation was used. The data from 
intracellular records were consistent with the popu- 
lation responses. When paired-pulse inhibition of the 
population spike was reduced. paired-pulse inhibition 
of cell discharge was also lost. At this time, if the first 

A V(mv) 40 T B 

stimulus of the pair evoked an AP, the second 
stimulus evoked 2 one AP (Fig. 2C);*’ if stimulus 
intensity was reduced so that the first stimulus of a 
pair evoked only an EPSP, then the second stimulus 

elicited a larger EPSP or an AP. 
In addition, there were many changes in the physi- 

ology of granule cells following sustained stimulation 
(Fig. 3; Table I). The membrane potential became 

more negative in most cells (Table I); in those granule 
cells that did not hyperpolarize during stimulation 
the pre-stimulation RMP was very high already 
( > - 80 mV). Other changes in granule cell physio- 

logical properties included increased R,, (Fig. 3A; 
Table I), and decreased spike frequency adaptation 
(Fig. 3B). There was a tendency for AP amplitude to 

decrease, but this was not statistically significant 
(P > 0.05. Student’s f-test; Table I). There were no 
consistent changes in the AHP following a train oi 
action potentials elicited by current injection. 

There were marked changes in the granule cell 
response to subthreshold stimulation. In seven out 
of I2 cells in which subthreshold responses were 
examined at several membrane potentials, there was 
a dramatic decrease in the amplitude of the early 
component of the IPSP. Often the early IPSP could 
no longer be elicited following stimulation, even after 
depolarizing the cell with d.c. (Fig. 3C). At these 
depolarized membrane potentials, the EPSP was 
followed by a depolarizing potential rather than an 
IPSP; often APs occurred on the peaks of these late 
depolarizations (Fig. 3C). In the four cells in which 
a late IPSP was clearly visible prior to sustained 

stimulation, the late IPSP did not change following 
sustained stimulation. 

Grtrnule cell responses during 20 Hz sustuind .stimu 

/u/ion. Responses to continuous 20 Hz stimulation 
wcrc recorded in IO experiments. Extracellulal 
recordings were made in the granule cell body layer 
and the dendritic layer in five of these experiments. In 
the other tive experiments an extracellular electrode 

PRE POST 

Fig. 3. Effects of sustained stimulation on granule cells. (A) Current-voltage relation for a granule cell 
before (PRE STIM; closed circles) and following (POST STIM; open circles) sustained stimulation. 
Responses to current pulses were tested at the same membrane potential in pre- and post-stimulation 
conditions. (B) Response of a different granule cell to a f0.75 nA, 100 ms depolarizing current pulse 
before (PRE) and following (POST) sustained stimulation. The membrane potential at which the responses 
were elicited was the same before and after stimulation (-76 mV). Capacitance artifacts are clipped. 
Calibration: 30 mV, 20 ms. (C) Subthreshold response of a different cell to identical stimuli before (left) 
and following (right) sustained stimulation. Membrane potentials at which the responses were elicited are 

shown on the left. The AP at the arrow is clipped. Calibration: 5 mV. 5 ms. 
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Table 1. Cell properties of granule cells, mossy cells and interneurons before and after stimulation 
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Granule cells 
Intermit. 
(n = 16) 

Pre Post 

Mossy cells 
Low freq. Intermit. 

Pre(n = ‘) Post Pre(n = ‘) Post 

Intemeurons 
Sensitive Insensitive 
(II = 4) 

Pre Post Prkn=‘O) Post 

RMP (mV) 
S.E.M. 

R,, (Ma) 
S.E.M. 

AP amplitude 
(mV) 

S.E.M. 

- 16.4 -83.8* -65.1 -29.5* -64.8 -32.5: -66.8 -21.4* -62.7 -70.3 
1.2 1.0 2.1 7.0 1.9 6.2 2.6 6.0 3.8 3.8 

67.5 90.6* 71.7 12.5* 88.8 13.3* 101.2 45.2* 138.2 158.0 
4.6 6.9 4.5 10.1 6.1 20.0 7.2 20.2 7.1 6.9 

85.1 80.3 15.2 19.8* 79.0 ts.5* 59.8 l&2* 68.0 68.2 
2.8 2.7 2.2 12.6 5.2 9.4 4.6 9.4 4.3 4.1 

Granule cells were stimulated using sustained intermittent (Intermit.) stimulation. Mossy cells and interneurons were 
stimulated with low frequency (low freq.; 0.2-2.0 Hz paired-pulse stimuli) or intermittent stimulation (see text). 

*Statistically different from pre-stimulation value (P < 0.05; Student’s r-test). 

was placed in the granule cell body layer and an 

intracellular electrode was used to record from a 
single granule cell. 

Within seconds of the start of 20 Hz stimulation 
there were dramatic changes in the response to each 
stimulus: extracellular recording showed that popu- 
lation spike amplitude increased and latency from 

stimulus decreased. The earlier occurrence of the 
population spike masked the population EPSP, 
which therefore appeared smaller in amplitude. 
Multiple population spikes (from two to seven) 
occurred following each stimulus (Fig. 4A). A nega- 
tive d.c. shift (up to 8 mV) occurred at the extra- 
cellular somatic recording sites in all experiments and 
at the dendritic site in 40% of experiments. Intra- 
cellular recordings demonstrated that granule cells 
depolarized (up to 26 mV) during the initial segment 

of 20 Hz stimulation, and fired one to three APs 
following each stimulus. 

After l-2 min of 20 Hz stimulation, population 
EPSPs and population spikes decreased in amplitude, 
often to amplitudes less than those elicited before 
sustained stimulation began (Fig. 4A). In intra- 
cellular recordings made after I-2min of 20 Hz 
stimulation, AP amplitude decreased dramatically, 
and often only EPSPs were elicited by each stimulus 
(Fig. 4B). 

Following stimulation, paired-pulse inhibition was 
reduced in the extracellular and intracellular records. 
In addition, the responses to each stimulus were 
depressed. For example, the same stimulus that 
elicited an AP before sustained stimulation evoked an 
EPSP after sustained stimulation; a stimulus that 
evoked an EPSP before sustained stimulation elicited 

A PRE DURING 20 Hz STIM POST 
f3TlM 2pec lmin Pmin 5min tomin STM 

DURING 20 Hz STIM 

Fig. 4. Responses of granule cells during 20 Hz sustained stimulation. (A) Far left: extracellular responses 
recorded simultaneously in the granule cell body layer (top) and the dendritic layer (bottom) to a single 
stimulus, before sustained stimulation (PRE STIM). Responses are shown at progressive intervals (from 
left to right) during 20 Hz sustained stimulation. Far right: response elicited 25 min following 20 Hz 
stimulation. In this and all other figures, d.c. shifts that occurred during sustained stimulation, while 
recording extracellularly in the granule cell layer, are not shown. (B) The response of a granule cell before 
(PRE STIM) and during 20 Hz stimulation are shown. During 20 Hz stimulation, the cell depolarized 
(dc. shifts recorded from the impaled cell are shown in all figures), fired APs of various amplitudes and 
latencies, and finally ceased to fire entirely. A reflection of the large extracellular population spike that 

occurred during stimulation was seen in many of the intracellular traces (arrows). 
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:I smaller EPSP after sustained stimulation. The 
decrease in responses to single stimuli did not recover 

completely after stimulation was stopped. Due to 
this pcrsistcnt response depression. intermittent 
stimulation was used instead of 20 Hz continuous 
stimulation in further experiments. 

G‘r-trfilrlr cell rrs/Iotz.sc.~ during intcwnittmt stimu - 

krtion. lntcrmittent stimulation was used in 20 exper- 

iments. where one recording site was located 
cxtraccllularly in the granulc cell body layer, and the 
second electrode was used to record intracellularly. 
In all experiments, paired-pulse inhibition observed 
heforc stimulation was reduced or abolished for at 
1cas1 30 min. in both extracellular and intracellular 
records (Fig. SA). 

During the first 2 Hz stimulus train. the cxtra- 
cellular responses to stimuli varied: i.e. the cxtra- 

cellular responses to the first stimulus of the pair 
decreased in some slices (II = 7: compare traces 

labeled “start 2 Hz train no. I” and “end 2 Hz train 
no. I” in Fig. 5B), increased in others (n = 6). or did 

not change (n = 7). The extracellular response to the 
second stimulus of the pair also varied (increased in 
IO cases. decreased in three, or did not change in 
seven). In eight of these 20 experiments, a small 

( I 3 mV) second population spike was elicited after 
the second stimulus of the pair (see extracellular trace 
!abelcd “end 2 Hz train no. I” in Fig. 5B). Intra- 
cellular responses were also variable. There was an 

increase in the EPSP amplitude, DAP. or both, in 
seven out of 20 experiments (arrowheads mark the 

DAPs in Fig. 5B). The increase in the EPSP ampli- 
tude and DAP was often sufficient to trigger an AP 
in cells that had been subthrcshold prior to the 2 Hz 
train. or trigger a second AP in cells that had been 
suprathreshold. Four cells hyperpolarized 4 5 mV 
during the first 2 Hz train (e.g. RMP of cell in Fig. 5B 
In trace labeled “end 2 Hz train no. I”). 

. n,? POST STIM 

Fig. 5. Responses of granule cells during intermittent stimulation. (A) Extracellular (top) and intracellular 
(bottom) responses to a pair of identical stimuli (ISI = 7 ms) are shown before (PRE STIM) and 30 min 
following (POST STIM) intermittent sustained stimulation. (B) Extracehuiar and intracellular responses 
are shown during intermittent stimulation. Intermittent stimulation consisted of alternating two stimulus 
trains: (1) paired stimuli at 2 Hz for 25 s, and (2) single stimuli at 20 Hz for 5 s. Stimulus strength was 
identical for all stimuli. Dotted line indicates pre-stimulation RMP. Top row (left): response to a pair of 
stimuli at the onset of the first 2 Hz stimulus train. Top row (middle): response to a pair of stimuli at 
the end of the first 2 Hz stimulus train. The arrow points to a small second population spike. Arrowheads 
mark the depolarizing afterpotential (DAP). Top row (right): responses to single stimuli at the start and 
end of the first 20 Hz train. Bottom row (left): response to a pair of stimuli at the start of the second train 
of 2 Hz stimuli. Bottom row (middle): responses to a pair of stimuli at the end of the second 2 Hz stimulus 

train. Bottom row (right): responses to a pair of stimuli (ISI = 30 ms) I5 min following stimulation. 
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Extracellular recording during the first 20 Hz train 

(and subsequent 20 Hz periods) demonstrated large 
increases in the number and amplitude of population 

spikes (see extracellular record labeled “end 20 Hz 
train no. 1” in Fig. 5B) and a negative d.c. shift at the 
extracellular recording sites (5-18 mV). Intracellular 
recording during the 20 Hz period showed that all 

granule cells depolarized relative to pre-stimulation 
RMP (8-26 mV) and fired one to three APs to each 
stimulus. The AP evoked during 20 Hz stimulation 
was much smaller in amplitude than APs evoked 
prior to stimulation (Fig. SB). 

Immediately following the 20 Hz period, during the 
initial segment of the second 2 Hz train, the d.c. level 
of the extracellular record returned to pre-stimulus 

levels. At the same time, there was a dramatic 
increase in amplitude of population spikes compared 
with pre-stimulation population spikes, but this in- 

__________-__--- 
PYRAMIDAL CELL LAYER 
,_______________. 

Fig. 6. Sensitivity of mossy cells to stimulation. (A) Typical 
experimental arrangement for recording from hilar cells. 
Note that the intracellular electrode is further from the 
stimulating electrode than the extracellular electrode. 
(B) Simultaneous responses of a granule cell population 
recorded extracellularly (EXTRA) and a spiny hilar cell 
recorded intracellularly (INTRA). The hilar cell in this 
figure, as well as the cells in Figs 7-9, were identified as 
mossy cells by their electrophysiological characteristics.24 
Left: a stimulus that was subthreshold for a population 
spike was well over threshold for the cell. Right: a higher 
intensity stimulus, that elicited a single small population 
spike (arrowhead), evoked six APs in the hilar cell. Capaci- 
tative artifacts of the hilar cell discharge are evident in the 

extracellular trace (arrows). 

crease was not maintained; by the end of the 2 Hz 

stimulation period, the number of population spikes 

was reduced compared with the start of the second 

2 Hz train (Fig. 5B). Intracellular recordings showed 
that as the extracellular d.c. level returned to the 
pre-stimulus level, granule cells repolarized to the 
pre-stimulus RMP, and fired larger APs. As the 2 Hz 
stimulation continued, all but four cells hyper- 
polarized (3-10 mV) beyond control RMP (see trace 
in Fig. 5B labeled “end 2 Hz train no. 2”). As the cells 
hyperpolarized, fewer APs were evoked by each 
stimulus. These hyperpolarizations lasted until the 
next 20 Hz stimulus train. Subsequent responses 
during 2 and 20 Hz stimulus periods were similar to 
the responses during the second 2 Hz stimulation 

period and the first 20 Hz period, respectively. After 
the last 2 Hz stimulus period, cell hyperpolarization 
lasted for less than 5 min in most cells (n = 12) but 
did not recover in over 20min in four cells. 

Responses and eflects of sustained stimulation on spiny 
hilar (“mossy “) cells 

Hilar cells, with the physiological characteristics of 
mossy cells,24 and a granule cell population response 
recorded in the granule cell body layer, were recorded 

simultaneously in 16 experiments (Fig. 6A). 
Low frequency stimulation. Mossy cells were 

extremely sensitive even to single stimuli of the 
perforant path. Stimulus threshold for triggering an 
AP was far below threshold for the granule cell 
population spike (Fig. 6B, left). When stimulus inten- 
sity was raised to elicit a granule cell population 
spike, mossy cells fired repetitively or in bursts 
(Fig. 6B, right). This sensitivity was observed even 
when the impaled mossy cell was further from the 
stimulation electrode than the extracellular recording 

electrode. Due to this sensitivity to stimulation, 
mossy cells were impaled over 500 pm further from 
the stimulating electrode than the extracellular 
recording site (Fig. 6A). 

Mossy cells were extremely sensitive to repetitive 
stimulation, even at low frequencies. After less than 
5 min of paired-pulse stimulation at 0.2-2.0 Hz, with 
a stimulus intensity that evoked a small granule cell 
population spike (see Experimental Procedures; note 
that due to the sensitivity of mossy cells, all stimuli 
that were above threshold for the granule cell popu- 
lation were above threshold for mossy cells, so that 
mossy cells were always stimulated with supra- 
threshold stimuli during periods of sustained stimu- 
lation), eight cells depolarized, R,, decreased, and AP 
amplitude decreased (Fig. 7; Table 1). The high 
frequency and large amplitude of spontaneous EPSPs 
typically seen in mossy cells was no longer evident 
(Fig. 7). None of the mossy cells showed signs of 
recovery, even when they were monitored for up to 
2 h following stimulation. Importantly, mossy cells 
that were not stimulated had stable RMPs, high R,,, 

and large APs which were maintained for several 
hours. 
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Fig. 7. EtTcc& of sustained stimulation on mossy cell 
Intrinsic properties. (A) Prior to sustained stimulation (PRE 
STIM) this hilar cell responded as shown to depolarizing 
current pulses (f0.3. fO.1. -0.1. -0.2. -0.3 nA, 100 ms). 
As IS typical of this cell type, there were many spontaneous 
EPSPs (arrows). variable afterpotentials. and high R,,, 
(B) Following sustained stimulation (POST STIM) the same 
ccl1 depolarized 35 mV from pre-stimulation RMP (not 
shown). When tested at the same membrane potential 
as pre-stnnulation RMP (using d.c. 10 artilicially hypcr- 
polarize the cell) the responses to the same current pulses as 
111 A uerc very different. Note the decrease in R,,,, AP 
amplitude. and spontaneous activity. Capacitance artifacts 

XC clipped 

After such short periods of low frequency stimu- 
lation, paired-pulse inhibition of the granule cell 
population response was unchanged or transiently 
reduced. In contrast to the mossy cells, granule cells 
that were recorded intracellularly did not appear to 
be adversely affected by suprathreshold stimulation 
at these low frequencies 

Sustuir~~d srinzulurion. Eight mossy cells that were 
stable throughout low frequency stimulation were 

tested with sustained intermittent stimulation. There 
were no differences in pre-stimulation RMP, R,,, or 
AP amplitude of mossy cells that depolarized, lost 

R,,,. etc. during low frequency stimulation. and mossy 
cells that were stable during low frequency stimu- 
lation (Table I). During the first 2 and 20 Hz trains 
of intermittent stimulation. these mossy cells fired 
more APs per stimulus compared with the number of 
APs evoked prior to intermittent stimulation. During 
the 20 Hz trains. stimulus-evoked APs gradually 
merged into large slow. depolarizing waves. During 
20 Hz stimulation, cells depolarized over 30 mV, and 
each successive stimulus elicited a slow depolarization 
of smaller and smaller amplitude. 

After the first 2 and 20 Hz trains, responses 
to further stimulation varied. Two cells remained 
depolarized at 0 mV. and when stimulation was 
stopped these cells did not show signs of recovery for 
30 min after stimulation was terminated (compare the 
response shown at the “end 20 Hz train no. 1” 

in Fig. 8B with the response elicited 30 min “POST 
STIM” in Fig. 8A). The other cells repolarized 
partially (n = 4) or completely (II = 2) during the 
second 2 Hz stimulation period, and there was some 
rccovcry of AP amplitude. When stimulation was 
continued to produce a permanent reduction in popu- 
lation spike paired-pulse inhibition. only two mossy 
cells retained a negative mcmbranc potential and the 

ability to fire APs (Fig. 9). These two cells were 
located extremely far ( c 2 mm) from the stimulating 
electrode relative to the other mossy cells. 

Interncurons were impaled in the granule cell 
layer (II = I I) or in the hilus (?I = 3) while the granule 

cell population spike was recorded simultaneously. 
Sensitivity of interneurons to sustained stimulation 
appeared to be related to their sensitivity to single 
stimuli of the pcrforant path. Pre-stimulation RMP. 
R,,, , and AP amplitudes of the sensitive and relatively 
insensitive interneurons (cells that did not deteriorate 
during low frequency stimulation, and therefore 

could be tested with intermittent sustained stimu- 
lation) were not different (Table I). 

Four intcrneurons that had a very low threshold 
for stimulus-evoked APs (relative to the stimulus 
strength necessary to evoke a granule cell population 
spike) were very sensitive to sustained stimulation 
(Fig. IO). These cells deteriorated during low frc- 
qucncy stimulation. Two of the sensitive cells were 
located in the hilus and two were located in the 
granule cell layer. Three of the sensitive cells dcpolar- 

iced (4 IO mV) soon after the onset of low frequency 
(0.2 I .O Hz) paired-pulse stimulation. The fourth 
cell was tested with 3 and 20 Hz stimulation. and 
responded to stimulation in a similar manner as the 
mossy cell in Fig. 8; the cell dramatically depolarized. 
and APs decreased in amplitude and broadened so 
that each response to stimuli merged into a slou 
depolarization (Fig. IO). In all four sensitive cells. R,,, 
and AP amplitude dccreascd, the AHP following 
spontaneous APs decreased. spontaneous EPSPa 
decreased in frequency and amplitude. and AP 
threshold (either evoked by current injection OI 

stimulation) increased greatly. These elects did not 
reverse when stimulation ended. In the simultaneous 
ticld recording from the granule cell layer. paircd- 
pulse inhibition was unchanged (Fig. IO) or only 
transiently reduced. 

In contrast, the IO relatively insensitive cells (cells 

that had a threshold similar to the threshold for the 
granule cell population spike) were not always ad- 
vorscly affected by stimulation (Fig. I I: Table I ). 

Seven 01‘ the cells hyperpolarized during low frc- 
quency (0.2~1 .O Hz) or intermittent stimulation (stim- 
ulation lasted for up to IO min; Table I). Other etfects 
of stimulation were variable: R,,, increased (n = 3). 
decreased (n = 3) or was unchanged (II =4); AP 
amplitude increased (n = 2). decreased (n = 3). or 
did not change (n = 5); and threshold for APs 
and frequency adaptation. tested by intracellular 
current injection. increased (n = 4) or did not change 
(Table I). Synaptic responses were reduced in ampli- 
tude in the four cells tested with subthreshold stimuli 
bcforc and after sustained stimulation (note the 
decrcasc in the EPSP and IPSP amplitudes during 
stimulation. without a change in RMP, in Fig. 1 IB). 
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I’RE STIM POST STIM 

Fig. 8. Response of a mossy cell that did not recover from sustained stimulation. (A) Extracellular (top) 
and intracel~uiar (bottom) responses to a pair of identical stimuii (ISI = IO ms) before (PRE STIM) and 
30min following (POST STIM) sustained stimulation. Long-term potentiation of the granule cell 
population spike is evident in the response to the first stimulus of the pair (compare population spikes 
at the arrows). (B) Responses at the onset (left) of the first 2 Hz stimulus train, and following several 
seconds of stimulation (right). (C) Responses to the first 20 Hz train. The cell progressively depolarized 

and responses decreased in amplitude. Stimulation was stopped. but the cell did not recover. 

Efects of extracelhlar concentrations oj’ f&g”‘, Ca2+ 
and K+ 

The results of sustained stimulation were subtly 
different depending on the constituents in the per- 
fusing buffer. 

Initial experiments using 2 mM MgSO,, 2mM 
CaCI, and 5 mM KC1 in the perfusate resulted 
in extracellularIy- and intra~llularly-recorded re- 
sponses to initial periods of sustained stimulation 
similar to those described above. However, persistent 
stimulation led to a decrease in extracellular and 
intracellular responses below pre-stimulus levels, and 
those responses did not recover (n = 1 I). In these 
slices, paired-pulse inhibition was depressed by sus- 
tained stimulation, but extremely long periods of 
relatively high intensity stimulation were required to 

produce a long-lasting reduction. In subsequent 
experiments the concentrations of constituents of the 
perfusate were altered to better match in uitw ionic 
concentrations. 

When the concentration of MgSO, in the perfusate 
was reduced from 2 to below 1.5 mM, response 
depression during 20 Hz stimulation was still present; 
however, during intermittent stimulation response 
depression was minor and always recovered. The 
duration and intensity of stimulation required to 
abolish paired-pulse inhibition was substantially 
reduced. Therefore, all results described above were 
obtained using I mM MgSO, in the perfusing buffer. 

When MgSO, was reduced and CaCI, was also 
reduced (from 2 to 1.75 mM), the duration of stimu- 
lation required to produce a long-fasting reduction in 
paired-pulse inhibition was further reduced; however, 
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Fig. 9. Response of a mossy cell that partially recovered from sustained stimulation. (A) Responses to 
a pair of stimuli (IS.1 = 7 ms) are shown before (PRE STIM) and followina (POST STIM) 10 min 01 _ . 
stimulation. The cell was impaled at a much greater distance from the stimulating electrode than was the 
extracellular recording electrode, so that its threshold was higher than the population spike threshold. The 
capacitative artifact of hilar cell discharge (arrow) partially obscures the pre-stimulation response to 
the second stimulus of the pair. (B) Response to a single stimulus at the onset of sustained intermittent 

stimulation (left), after I min (middle) and after IOmin (right). 

spreading depression (SD) episodes were often trig- 
gered by brief periods of stimulation. Interestingly, 
mossy cells appeared to have a greater sensitivity 
to SD than granule cells; granule cells recovered from 
SD episodes, whereas all mossy cells recorded during 
SD episodes remained depolarized following SD 
(n = 5). 

Finally MgSO,, CaClz and KC1 were altered so 
that their respective concentrations were 1, 1.75 and 
3. or I, I .75 and 6. In these slices, it was difficult to 
generate single population spikes and paired-pulse 
inhibition prior to sustained stimulation, and 
obtaining stable intracellular impalements was quite 
difficult. 

DISCUSSlON 

Sensitivity of hilur cells 

This study indicates that most hilar cells are much 
more sensitive to stimulation of the perforant path 
than are granule cells. This sensitivity was found in 
response to single stimuli, low frequency stimuli, or 
sustained stimulation of low and high frequency. The 
cells of the hilus that were sensitive were either of 
the spiny “mossy” cell type or of the aspiny “fast 
spiking” interneuron type. In addition, some of the 
interneurons located in the granule cell layer were 
more sensitive to stimulation than granule cells. 
Importantly, another category of interneurons was 
found that did not differ markedly from the granule 
cells in sensitivity to single or sustained stimulation. 

Thus, although spiny hilar cells were consistently 
sensitive to stimulation, interneurons were quite 
variable in their responses. 

The issue of whether the physiological properties of 
hilar cells deteriorated due to stimulation, or whether 
microelectrode penetration or tissue deterioration 
could have led to injury, is important to address. 
Several factors suggest that the damage to hilar cells 
that we have described here is related to stimulation. 
Firstly, stable, high RMPs and large R,,s were main- 
tained in mossy cells prior to stimulation. Secondly. 
our tissue slices appeared to be optimal, judged by the 
large population spikes and population EPSPs. and 
the high degree of paired-pulse inhibition prior to 
stimulation. Finally, sustained stimulation did not 
lead to deterioration of granule cell properties; only 
the spiny hilar cells and some of the interneurons 
showed indications of damage. Along similar lines, 
one could question whether the relative resistance 
of some interneurons to stimulation was related to 
better impalements of these neurons as compared 
with the sensitive interneurons. Since there were 
no differences in the RMP. R,, and AP amplitude 
between these two types of interneurons, there 
does not appear to be evidence that impalement 
damage was related to the responses of interneurons 
to stimulation. 

What is it about hilar cells that makes them so 
sensitive? One possibility is their lack of calcium- 
binding proteins. Mossy cells have been shown to 
lack immunoreactivity for either the calcium-binding 
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Fig. 10. Response of a “sensitive” interneuron to sustained stimulation. (A) Responses to a pair of stimuli 
(ISI = 7 ms) prior to (PRE STIM) and 20 min following (POST STIM) a brief period of sustained 
intermittent stimulation. The sensitivity to stimulation of the cell is evident by its low threshold; a stimulus 
that evoked a large burst of APs in the interneuron was just over threshold for a granule cell population 
spike. Capacitative artifacts of AP discharge in the impaled cell (arrows) contaminate the pre-stimulation 
extracellular records. (B) The sensitivity of the interneuron in A is also demonstrated by its responses 
during sustained stimulation. Responses to stimuli are shown at the start (left) and end (middle) of the 
first 2 Hz period of stimulation. At right are responses to single stimuli elicited at the onset and end of 
the first period of 20 Hz stimulation. Stimulation was terminated, but the cell remained depolarized. 
Paired-pulse inhibition was unaffected (see A, right). (C) The neuron in A and B was identified as a “fast 
spiking” interneuron based on its firing characteristics, as illustrated in its response to a +0.2 nA (top) 
and +0.4 nA (bottom) 100 ms current pulse. This cell had a short duration AP, a large AHP following 
each AP, and lacked frequency adaptation. Note the small spontaneous EPSPs (arrows). AP amplitude 

variability due to spike digitization. 

protein parvalbumin, or CaBP (D,,K).3’ Many of the 
interneurons of the hilus also lack such immuno- 
reactivity.” In contrast, dentate granule cells and 
many other interneurons contain either parvalbumin 
or CaBP.“,31 A lack of calcium-binding proteins may 
give hilar cells a predisposition for injury following 
sustained stimulation, since large amounts of calcium 
entering the cell during stimulation (due to receptor- 

mediated entry or entry through voltage-dependent 
calcium channels) might overwhelm the calcium 
buffering capability of the cell. Excessive intracellular 
calcium has been proposed to trigger processes lead- 
ing to cell death.23 Our data are consistent with the 
hypothesis that a paucity of calcium-binding proteins 
underlies the sensitivity of hilar cells during sustained 
stimulation, since the cell types that were most sensi- 
tive (mossy cells and interneurons) were the cell types 
that lack calcium-binding proteins. 

Development of hyperexcitability 

Our results demonstrated several changes in the 
intracellularly measured properties of granule cells 
following sustained stimulation. Firstly, in most 
granule cells, R,, increased and frequency adaptation 
decreased. Secondly, in many cells there were changes 
in the subthreshold synaptic response; there was an 
apparent reduction in amplitude of the early IPSP, 
which was “replaced” by the development of a late 
depolarizing PSP component. It is not clear whether 
these changes in the synaptic response are attribut- 
able entirely to a change in the early IPSP (such as a 
change of the reversal potential of the early IPSP to 
a more positive potential), to an increase in the EPSP 
(that would mask an underlying, unchanged IPSP), 
or to a combination of those factors. The literature 
provides support for both hypotheses. Repetitive 
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POST STIM 

Fig. I I. Response of a relatively insensitive interneuron to 
sustained stimulation. (A) Response of a granule cell popu- 
lation and an interneuron to paired stimuli (IS1 = 7 ms) 
before (PRE STIM) and following (POST STIM) I5 min of 
sustained intermittent stimulation. This cell was less sensi- 
tive to stimulation than other interneurons (such as the 
sensitive cells shown in Fig. IO); its threshold for a single 
stimulus was higher than the threshold for the granule cell 
population spike, even though it was impaled within 100 pm 
of the extracellular recording electrode. Note the loss of 
paired-pulse inhibition in the granule cell population re- 
sponse. (B) Response of the cell and population shown in 
A during sustained intermittent stimulation. Top (left): 
responses to stimuli at the onset of the first 2 Hz stimulus 
train. Top (middle): responses at the end of the first 2 Hz 
stimulus train. Top (right): response to a single stimulus at 
the onset of the first 20 Hz stimulus train. Bottom (left): two 
responses at the end of the first 20 Hz train. Bottom 
(middle): responses at the onset of the second 2 Hz train. 
Bottom (right): responses at the end of intermittent stimu- 
lation. (C) This interneuron was identified as a “fast 
spiking” interneuron by its intrinsic properties, illustrated 
here in the responses to +O. I and -0.1 nA current pulses. 
As was the case for the cell in Fig. IO, this cell had a large 

AHP. and lacked frequency adaptation. 

stimulation has been shown to decrease the amplitude 
of the early IPSP in hippocampal cells.’ X” Repeated 
stimulation, used to kindle rat dentate gyrus, has also 
been reported to result in the addition of a late 
component to the EPSP.” 

Changes in the intrinsic properties and synaptic 
responses of granule cells could underlie the develop- 

ment of granule cell hyperexcitability that has been 
recorded in this study and in ~iuo.“‘~29~3” For example. 
an increase in R,, and a decrease in spike frequency 
adaptation would lead to greater AP discharge 
for a given depolarization. The observed changes 

in depolarizing and hyperpolarizing postsynaptic 
potentials would be likely to reduce stimulus 
threshold for AP discharge. 

One finding, however, that would not be expected 
to contribute to the development of hyperexcitability 
was the hyperpolarization that occurred during 
stimulation in many granule cells. This effect prob- 
ably contributed to the resistance of granule cells to 
injury during sustained stimulation. The hyperpolar- 

iration of granule cells (as well as of the interneurons 
that were relatively resistant to stimulation) brought 
the cell membrane potential toward the equilibrium 
potential for potassium (-85 to -90 mV); granule 
cells that did not hyperpolarize during stimulation 
had a very high RMP ( - 80 to -90 mV) before 
stimulation began. It is possible that release of some 
compound(s) during stimulation, such as GABA 
acting at GABA, receptors,‘-” or somatostatin (see 
below) triggers this process of hyperpolarization. 
Alternatively, the hyperpolarization may represent 
the summation of AHPs. If a calcium-dependent 
conductance contributes to the granule cell AHP, as 
is the case in hippocampal pyramidal cells,’ then an 
increase in the concentration of intracellular calcium 
during sustained stimulation may activate this potas- 
sium conductance. The result would be that the 
membrane potential of the cell would approach the 
equilibrium potential for potassium. 

The possibility that somatostatin release is in- 
volved in granule cell alterations is an intriguing one. 
Somatostatin-containing interneurons of the hilar 
region have an axonal plexus that ramifies in the 
outer molecular (dendritic) layer of the dentate. and 
may innervate dentate granule cell dendrites.” 
Somatostatin-immunoreactive hilar neurons have 
been identified as extremely sensitive to stimulation. 
in that the immunoreactivity of somatostatin-positive 
cells is lost following sustained stimulation; immuno- 
reactivity of CABA, cholecystokinin and vasoactive 
intestinal polypeptide-positive cells is unchanged fol- 
lowing such sustained stimulation.‘” Thus. when the 
perforant path is stimulated. there may be a large 
release of somatostatin onto granule cell dendrites. 
Somatostatin is known to have several effects on 
hippocampal pyramidal cells, and if granule cells are 
affected similarly. somatostatin release could explain 
almost all of the observed effects on granule cells ol 
sustained stimulation: hyperpolarization. increased 
R,, decreased spike frequency adaptation, decreased 
early IPSPs, and decreased threshold.2”.1z-2h 

Relation.ship to in vivo studkr 

In riw studies have shown that sustained stimu- 
lation of the perforant path leads to degeneration 
of hilar cells. while granule cells are apparently 
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spared.‘9,29.30 In those studies, granule cell paired- 
pulse inhibition was lost following sustained stimu- 

lation, and multiple population spikes were elicited. 
Our in vitro data, recorded either extracellularly or 

intracellularly, support those findings. Firstly, sus- 
tained stimulation in vitro always led to a reduction 
in paired-pulse inhibition, which in many cases 
was accompanied by multiple population spikes or 
multiple AP discharge. Secondly, simultaneous 
recordings of hilar cells and granule cell population 
responses showed that prior to the loss of granule cell 
paired-pulse inhibition, most hilar cells showed signs 
of deterioration, such as depolarization and loss of 
R,,. Since hilar cell damage preceded or was coinci- 
dent with long-lasting changes in the granule cell 
response, it is tempting to speculate that the deterior- 
ation of hilar cells played a role in the loss of 
paired-pulse inhibition of granule cells, and perhaps 

the development of granule cell hyperexcitability. 
Although consistent in most respects, certain as- 

pects of our in vitro results did not corroborate the in 
LGLV findings. For example, the duration of sustained 
stimulation required to produce long-term reduction 
of paired-pulse inhibition was much shorter in vitro 

than in uivo. This difference may be attributed to the 
large difference in energy stores between in view and 
in vitro preparations; the slightly different stimulation 
paradigm (more 20 Hz stimulation per minute was 
used in our studies) may also be important. Also, the 
degree of paired-pulse inhibition in slices, prior to 
sustained stimulation, was quite different from that 
measured in oioo; paired-pulse inhibition in slices was 
observed only when ISIS were less than 30ms, 
whereas paired-pulse inhibition in Go is seen at 
longer ISIS.“~~~ The shorter time course of paired- 
pulse inhibition in vitro may be due to a relative 

deficiency of inhibitory circuitry, due to shearing of 

interneuronal processes. 

Although our data are most easily compared with 

the properties of the parallel in vivo model,‘9,29.30 they 
are also of more general relevance. Studies of tem- 
poral lobe epilepsy in man have shown that damage 
to hilar cells appears to be greater than several other 
hippocampal cell populations.16 In addition, hilar 

cells have been shown to be one of the most sensitive 
cell populations to ischemic insult.’ Although the 
functional implications of this damage are not yet 
clear, it is striking that the same cell population is 
sensitive to rather different insults. An understanding 
of the mechanisms underlying this damage may help 

us gain genera1 insight into the processes of neural 
damage and prevention. 

CONCLUSION 

Our results demonstrated that hilar cells, both 
the spiny “mossy” cell type and several aspiny 
“fast spiking” interneuron, are extremely sensitive to 
stimulation of the perforant path, relative to dentate 
granule cells and other interneuron types. However, 
there were changes in the cell properties of the 
relatively insensitive granule cells. The deterioration 
of functional hilar cells, and the alteration of function 
of the relatively resistant cells, may underlie the 
loss of paired-pulse inhibition and development of 
hyperexcitability of the fascia dentata. 
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