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Short-Term Frequency-Dependent Plasticity at Recurrent
Mossy Fiber Synapses of the Epileptic Brain

Li Feng, Peter Molnar, and J. Victor Nadler
Departments of Pharmacology and Cancer Biology and Neurobiology, Duke University Medical Center, Durham, North Carolina 27710

The recurrent mossy fiber pathway of the dentate gyrus expands dramatically in human temporal lobe epilepsy and in animal models of
this disorder, creating monosynaptic connections among granule cells. This novel granule cell network can support reverberating
excitation but is difficult to activate with low-frequency stimulation. This study used hippocampal slices from pilocarpine-treated rats to
explore the dependence of synaptic transmission in this pathway on stimulus frequency. Minimal electrically evoked EPSCs exhibited a
high failure rate (~60%). Stimulus trains delivered at a frequency of <1 Hz depressed synaptic transmission, as evidenced by an increase
in response failures. Conversely, stimulus trains delivered at higher frequencies reduced the percentage of response failures and in-
creased the amplitude of compound EPSCs, including pharmacologically isolated NMDA receptor-mediated EPSCs. Short-term
frequency-dependent facilitation was of modest size compared with mossy fiber synapses on other neuronal types. Facilitation depended
on the activation of kainate receptors by released glutamate and was inhibited by feedback activation of type Il metabotropic glutamate
receptors. These results suggest that the recurrent mossy fiber pathway may be functionally silent during baseline asynchronous granule
cell activity in vivo attributable, in part, to progressive transmission failure. The pathway may synchronize granule cell firing and may
promote seizure propagation most effectively during the brief periods of high-frequency granule cell firing that occur during normal
behavior, during the periods of hypersynchronous fast activity characteristic of epileptic brain and, most importantly, during the period
of increasing granule cell activity that precedes a spontaneous seizure.
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Introduction

Changes in the dentate gyrus are believed to be important for the
pathogenesis of temporal lobe epilepsy. Cell loss in the dentate
hilus is the most commonly observed neuropathologic finding in
persons with this disorder (Margerison and Corsellis, 1966). Fur-
thermore, dentate granule cells have been shown to resist the
propagation of seizures from the entorhinal cortex to the hip-
pocampus (Collins et al., 1983; Stringer et al., 1989; Lothman et
al., 1992). Monosynaptic connections among principal neurons
serve as the anatomic substrate for synchronized discharge in area
CA3 of the hippocampus, an unusually excitable region of the
limbic system (Miles et al., 1984). Conversely, the paucity of such
connections among dentate granule cells probably explains, in
part, their resistance to such discharge. In many persons with
temporal lobe epilepsy (Represa et al., 1989b; Sutula et al., 1989;
Babb et al., 1991; Franck et al., 1995) and particularly in the
pilocarpine model of temporal lobe epilepsy (Mello et al., 1993;
Okazaki et al., 1995; Dashtipour et al., 2000, 2002; Ribak et al.,
2000; Buckmaster et al., 2002), however, dentate granule cells
form an interconnected synaptic network. This recurrent mossy
fiber pathway mediates reverberating excitation that can reduce
the threshold for granule cell synchronization (Tauck and Na-
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dler, 1985; Cronin et al., 1992; Masukawa et al., 1992; Patrylo and
Dudek, 1998; Hardison et al., 2000; Okazaki and Nadler, 2001),
presumably facilitating participation of the dentate gyrus in
seizures.

Despite formation of this novel recurrent circuitry, it remains
difficult to evoke population bursting of dentate granule cells.
Low-frequency stimulation of the perforant path in vivo (Buck-
master and Dudek, 1997) or of mossy fibers in the hippocampal
slice (Tauck and Nadler, 1985; Cronin et al., 1992; Patrylo and
Dudek, 1998; Hardison et al., 2000) usually does not evoke rever-
berating excitation, even when histological data reveal robust
mossy fiber growth. Previous studies documented the roles of
GABA inhibition and external [K "] ([K *],) in regulating epilep-
tiform activity supported by the new granule cell network (Pat-
rylo and Dudek, 1998; Hardison et al., 2000). Indeed, modest
elevation of [K "], (by 1.25 or 2.5 mm) reduces the amount of
mossy fiber growth required to synchronize granule cell dis-
charge (Hardison et al., 2000). Even in the presence of elevated
[K "], and bicuculline, however, mossy fiber stimulation at a low
frequency (0.033 Hz) failed to evoke a population burst in many
slices. This resistance to recurrent activation may be related, in
part, to the unreliability of transmission at mossy fiber — granule
cell synapses. A previous study found that minimal photostimu-
lation at a frequency of 1 per 15 sec evoked a synaptic response in
only ~30% of the trials (Molnar and Nadler, 1999). Use-
dependent forms of synaptic plasticity may then regulate the abil-
ity of mossy fiber — granule cell synapses to support reverberat-
ing excitation. Mossy fiber synapses on CA3 pyramidal cells
exhibit marked short-term frequency-dependent facilitation



5382 - J. Neurosci., June 15, 2003 - 23(12):5381-5390

(Salin et al., 1996; Toth et al., 2000) over a range of presynaptic
activity that corresponds to the normal firing frequencies of den-
tate granule cells in vivo (Jung and McNaughton, 1993). If mossy
fiber — granule cell synapses exhibit such plasticity, they would
then be expected to support synchronous granule cell discharge
most effectively when driven at particular frequencies.
Frequency-dependent plasticity at mossy fiber synapses depends
on the identity of the postsynaptic cell; mossy fiber synapses on
inhibitory interneurons exhibit either less facilitation than mossy
fiber — pyramidal cell synapses or frequency-dependent depres-
sion (Toth etal., 2000; Doherty and Dingledine, 2001). This study
explored short-term frequency-dependent plasticity at mossy fi-
ber — granule cell synapses of the epileptic brain, with special
emphasis on the roles of glutamate autoreceptors.

Materials and Methods

Pilocarpine-induced status epilepticus. Adult male Sprague Dawley rats
(175-200 gm; Zivic Laboratories, Pittsburgh, PA) were injected intra-
peritoneally with pilocarpine hydrochloride (350-380 mg/kg) 30 min
after pretreatment with scopolamine methyl bromide and terbutaline
hemisulfate (both 2 mg/kg, i.p.). Status epilepticus, defined as a contin-
uous limbic motor seizure of stage 2 or higher (Racine, 1972), was ter-
minated 3.5 hr after onset with sodium phenobarbital (50 mg/kg, i.p.).
Although animals in the present study were not monitored systematically
after recovery from status epilepticus, previous studies demonstrated
that all rats that develop status epilepticus exhibit spontaneous limbic
motor seizures after a 1-3 wk latent period (Mello et al., 1993; Lemos and
Cavalheiro, 1996). Some pilocarpine-treated rats developed only brief
seizures that never progressed to status epilepticus. Histological tests
revealed no evidence of neuronal degeneration or supragranular mossy
fiber growth in these animals (Okazaki et al., 1999). They were therefore
used as controls. All protocols were approved in advance by the Duke
University Institutional Animal Care and Use Committee.

Slice preparation and recording. Unless indicated otherwise, experi-
ments used only rats that had developed status epilepticus after the ad-
ministration of pilocarpine. Transverse 400-um-thick slices were pre-
pared from the caudal hippocampus with a vibratome 10-20 weeks after
pilocarpine administration. Slices were incubated in a beaker of high-
Mg2+ artificial CSF, which contained (in mwm): 122 NaCl, 25 NaHCO;,
3.1 KCl, 1.8 CaCl,, 12 MgSO,, 0.4 KH,PO,, and 10 p-glucose, pH 7.4.
The medium was gassed continuously at room temperature with 95% O,
and 5% CO,. Beginning 45 min later, individual slices were transferred to
a small experimental chamber, barely submerged in standard artificial
CSF (1.2 mm MgSO,), and superfused (3—4 ml/min) at room
temperature.

Whole-cell patch-clamp recordings were obtained from dentate gran-
ule cells by the “blind” approach (Blanton et al., 1989). Patch electrodes
were pulled from borosilicate glass (1.5 mm outer diameter, 1.1 mm
inner diameter; Sutter Instruments, Novato, CA) and had a tip resistance
of 6-7.5 M{). The tip of the electrode was filled by vacuum with a solu-
tion that contained (in mm): 140 cesium gluconate, 15 HEPES, 3.1
MgCl,, 1 CaCl,, and 11 EGTA, pH 7.2, 276 mOsm. The electrode was
then backfilled with an internal solution that contained 120 mm cesium
gluconate, 10 mm HEPES, 2 mm Mg-ATP, 1 mm EGTA, 5 mum creatine
phosphate, 10 mm n-ethyl lidocaine chloride (QX-314), and 20 U/ml
creatine phosphokinase, pH 7.4, 276 mOsm. Whole-cell access was
achieved in current-clamp mode; only cells with membrane voltage of
greater than —70 mV on break-in (after correction for a 10 mV liquid
junction potential) were accepted for study.

Whole-cell patch-clamp recordings were made with an Axon Instru-
ments (Foster City, CA) Axopatch 200B amplifier beginning ~20 min
after achieving whole-cell access. Series resistances were between 5 and 9
M() and were compensated 75%. Recordings were rejected if the series
resistance changed by >20%. Signals were filtered at 2 kHz, digitized at
10 kHz, and stored for analysis offline with PClamp8 (Axon Instru-
ments). At the end of the experiment, each slice was processed for Timm
histochemistry to confirm the presence of recurrent mossy fiber growth.
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Compound recurrent mossy fiber EPSC. Recordings were made from
granule cells at the location in the cell body layer where the antidromic
population spike was of greatest amplitude (Okazaki et al., 1999). The
holding potential was —80 mV. Mossy fibers were stimulated with a
monopolar insulated 25-um-diameter nichrome wire placed in stratum
lucidum of area CA3b 100 wm from the opening of the dentate hilus. A
train of 10 near-maximal rectangular pulses (100 usec duration) was
delivered at frequencies of 0.2—10 Hz. Each train was repeated 10 times at
20-25 sec intervals, and corresponding responses were averaged. All
measurements were made from these averaged responses. A 20 sec inter-
train interval proved sufficient for any short-term synaptic plasticity to
decay completely. At least two stimulus frequencies were tested in each
recording session. The superfusion medium contained 30 M bicuculline
to block GABA, receptors. GABA}; receptor-mediated currents were
blocked by the use of a cesium-based internal solution that contained
QX-314 but not GTP.

Compound EPSP. Recordings were made in current-clamp mode. The
internal solution contained potassium gluconate instead of cesium glu-
conate, and QX-314 was omitted. Stimulus trains were delivered at fre-
quencies of 0.2, 2, and 10 Hz, and each train was repeated five times.
Otherwise, these experiments were performed as described for the com-
pound EPSC.

NMDA receptor-mediated EPSC. Stimulation and recording were per-
formed as described for the compound EPSC with the following differ-
ences. To avoid overlap between successive responses, the range of stim-
ulus frequencies was limited to 0.2-2 Hz. The superfusion medium
contained 30 um bicuculline and 10 um 2,3-dihydroxy-6-nitro-7-
sulfamyl-benzo(F) quinoxaline (NBQX), which blocks both AMPA and
kainate receptors, 30 um 1-(4-aminophenyl)-3-methylcarbamyl-4-
methyl-7,8-methylenedioxy-3,4-dihydro-5H-2,3-benzodiazepine
(GYKI 53655), which blocks AMPA receptors selectively, or 40 um
(*£)-4-(4-aminophenyl)-1,2-dihydro-1-methyl-2-propylcarbamoyl-
6,7-methylenedioxyphthalazine (SYM 2206), which also blocks
AMPA receptors selectively. The holding potential was —20 mV.

Minimal EPSC. Recordings were made from granule cells located at the
apex of the cell body layer or in the suprapyramidal blade. The stimulat-
ing electrode was placed in the granule cell body layer 80-100 wm from
the recorded cell. The stimulus current was reduced until single pulses
presented at a frequency of 0.2 Hz sometimes failed to evoke a synaptic
response in the recorded cell. Responses were accepted as minimal EPSCs
if their peak amplitude exceeded twice the baseline noise and they ap-
peared at a constant latency of =5 msec. A train of 50 pulses was pre-
sented at frequencies of 0.2—10 Hz. Atleast two stimulus frequencies were
tested in each recording session. The change from one frequency to an-
other took 1-2 min, which was enough time for any short-term plasticity
to decay completely. The superfusion medium contained 30 um bicucul-
line, and the holding potential was —80 mV.

To analyze properties of minimal EPSCs, traces without a minimal
EPSC were averaged, and the resultant trace was subtracted electronically
from the average of all traces with a minimal EPSC. Latency to onset,
peak amplitude, 10-90% rise time, decay time constant, and charge
transfer were determined with the use of MiniAnalysis (Synaptosoft,
Decatur, GA). Rarely, a spontaneous event overlapped a portion of the
evoked response. In those instances, measurements were restricted to the
parameters that were uncontaminated.

Chemicals. D-Gluconic acid lactone, cesium hydroxide (99.9%; 50% by
weight), HEPES, EGTA, creatine phosphate, creatine phosphokinase,
sodium phenobarbital, pilocarpine hydrochloride, (—)scopolamine methyl
bromide, and terbutaline hemisulfate were purchased from Sigma (St.
Louis, MO); p-AP-5, (25,2'R,3'R)-2-(2',3'-dicarboxycyclopropyl)glycine
(DCG-1IV), (aS)-a-amino-a-[(18,2S)-2-carboxycyclopropyl]-9H-xanthine-
9-propanoic acid (LY 341495), and SYM 2206 were from Tocris Cookson
(Bristol, UK); bicuculline methiodide was from Research Biochemicals
(Natick, MA); and QX-314 was from Alomone Laboratories (Jerusalem,
Israel). NBQX and GYKI 53655 were gifts from Novo Nordisk
(Mélev, Denmark) and Eli Lilly (Indianapolis, IN), respectively.
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Figure 1.  Frequency-dependent short-term facilitation of the compound recurrent mossy
fiber EPSC during a train of 10 near-maximal electrical stimuli. Each train was presented 10
times, and corresponding responses were averaged. Recordings were made in the presence of
30 pm bicuculline at a holding potential of —80 mV. Top, Representative averaged traces
illustrating facilitation during stimulation at 2 Hz but not at 0.2 or 10 Hz. Bottom, Mean val-
ues = SEM for 11-17 cells. Only stimulus trains delivered at 1 or 2 Hz facilitated synaptic
transmission significantly (p << 0.005 for 1 Hz; p << 0.001 for 2 Hz by one-way repeated
measures ANOVA; for the other frequencies, p > 0.4).
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Figure 2.  Frequency-dependent short-term facilitation of the compound recurrent mossy
fiber EPSP during a train of 10 near-maximal electrical stimuli. Recordings were made in the
presence of 30 um bicuculline. Representative single traces illustrate facilitation during stimu-
lation at 2 Hz but not at 0.2 or 10 Hz. In this example, the fourth and each succeeding stimulus
in the 2 Hz train drove the firing of an action potential (shown truncated). Resting membrane
potentials were —75mV (0.2 Hz), —75 mV (2 Hz), and —72 mV (10 Hz). Similar results were
obtained in recordings from six granule cells. *Stimulus artifacts.

Results

Compound recurrent mossy fiber EPSC and EPSP

Whole-cell patch-clamp recordings were made from dentate
granule cells in hippocampal slices prepared from rats that had
developed status epilepticus after administration of pilocarpine.
Stimulation of the mossy fibers in the presence of bicuculline
evoked a short-latency (=5 msec) inward current (Fig. 1, top)
that was sometimes followed by delayed inward currents (Oka-
zaki et al., 1999). These responses were abolished by glutamate
receptor antagonists and thus were considered monosynaptic
and polysynaptic EPSCs, respectively. Amplitude measurements
were obtained only from the short-latency component. Com-
pound EPSC amplitudes ranged from 21 to 283 pA (median, 62
pA).

EPSC amplitude increased significantly during a 10-pulse
train delivered at frequencies of 1 and 2 Hz (Fig. 1, bottom).
However, the degree of facilitation was quite modest: an average
of 22% at 1 Hz and 27% at 2 Hz for the 10th response in the train.
Stimulation at 5 or 10 Hz produced no significant frequency-
dependent plasticity under these conditions.

Stimulation at a frequency of 2 Hz also enhanced the ampli-
tude and duration of the recurrent mossy fiber EPSP (Fig. 2).
Stimuli that evoked a subthresold response initially could evoke
one or two action potentials by the fourth stimulus in the train.

J. Neurosci., June 15,2003 - 23(12):5381-5390 + 5383

<
a

[[4]
10 ms

Properties of electrically-evoked minimal EPSCs
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Figure3. Electrically evoked minimal recurrent mossy fiber EPSC. Top, Representative trace

showing an average of the 15 responses recorded during a train of 50 minimal electrical stimuli
delivered at a frequency of 0.2 Hz. In this example, the peak amplitude was 15 pA; the 10-90%
rise time was 3.4 mseg; the decay time constant was 40.5 msec; and charge transfer was 167 pC.
Bottom, Means == SEM for 40 granule cells.

The degree of facilitation appeared comparable with facilitation
of the EPSC. Stimulation at 0.2 or 10 Hz produced no consistent
changes in the response.

These results should be relevant to synaptic function during
strong activation of the recurrent mossy fiber pathway. However,
the compound mossy fiber EPSC proved less than ideal as an
indicator of frequency-dependent plasticity, because (1) the re-
sponse usually included polysynaptic components that might
have influenced the amplitude measurement; (2) responses
sometimes overlapped during trains delivered at a frequency of
10 Hz (7 of 13 recordings) because of the presence of either a
single prolonged response or delayed inward currents; and (3)
the monosynaptic response was somewhat asynchronous be-
cause of the small number of synapses activated. Reducing the
stimulus current did not reliably isolate monosynaptic from
polysynaptic responses. In fact, stimulus reduction was as likely
to eliminate the monosynaptic component. Therefore, subse-
quent studies used responses that are likely to be purely mono-
synaptic: the EPSC evoked by minimal electrical stimulation and
the NMDA receptor-mediated component of the compound
EPSC.

Minimal recurrent mossy fiber EPSC

The intent of minimal electrical stimulation was to activate only
one or a few mossy fiber synapses on the recorded cell. With use
of our procedures, minimal electrically evoked EPSCs (Fig. 3,
top) were recorded in 58 of 77 granule cells (75%) from
pilocarpine-treated rats that had developed status epilepticus and
showed histochemical evidence of recurrent mossy fiber growth.
In contrast, no minimal EPSCs were recorded in 19 granule cells
from four control rats. Properties of these responses are summa-
rized in Figure 3, bottom. Blockade of AMPA and kainate recep-
tors with 10 uMm NBQX abolished minimal EPSCs.

The minimal electrically evoked EPSCs recorded in granule
cells exhibited much slower response kinetics than those reported
in most previous studies of mossy fiber synapses (Jonas et al.,
1993; Toth et al., 2000; Doherty and Dingledine, 2001). However,
the mean 10-90% rise time and decay time constant corre-
sponded closely to values reported by Cossart et al. (2002) for
minimal electrically evoked EPSCs at mossy fiber — pyramidal
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Figure 4.  Percentage of response failures during a train of 50 minimal electrical stimuli.

Recordings were made in the presence of 30 um bicuculline at a holding potential of —80 mV.
Values are means = SEM for 11 (0.4—0.8 Hz), 20 (1 Hz), 27 (10 Hz), or 39 (0.2 and 2 Hz) cells.
Stimulation at 1-10 Hz reduced the percentage of failures compared with each of the lower
frequencies ( p << 0.01 by Newman—Keuls test after one-way ANOVA yielded p << 0.001).
Although the failure rate tended to be lower during 2 and 10 Hz trains, the mean difference from
1 Hz trains was not statistically significant (p > 0.2). *Result obtained with minimal laser
photostimulation (Molndr and Nadler, 1999).

cell synapses. The latter responses were shown to be mediated by
both AMPA and kainate receptors, with the participation of kai-
nate receptors accounting for the slow decay. Preliminary data
suggest that kainate receptors also contribute significantly to
most minimal recurrent mossy fiber EPSCs (L. Feng and J. V.
Nadler, unpublished observations). Thus kainate receptor acti-
vation may primarily explain the slow mean response kinetics,
although the presence of some mossy fiber synapses on the distal
portion of the granule cell dendrite (Okazaki etal., 1995) suggests
that dendritic filtering may also play a role in some instances.

During a train of 50 minimal electrical stimuli presented at
frequencies of 0.2—0.8 Hz, the failure rate was ~70-75% (Fig. 4).
This value compares closely with the percentage of failures ob-
served previously with minimal photostimuli presented at a fre-
quency of 0.067 Hz (Molnér and Nadler, 1999). Failures were
observed significantly less often when the stimulus frequency was
raised to 1 Hz, the percentage apparently reaching a minimum
(46%) at 2 Hz. The percentage of failures was approximately
equal for the first 10 stimuli presented regardless of frequency
(~60%; Fig. 5). However, frequency-dependent changes in the
failure rates were evident by the 20th stimulus. Repeated stimu-
lation at a low frequency progressively increased the percentage
of failures. For example, during a train of 50 pulses delivered at a
frequency of 0.2 Hz, the failure rate increased from an average of
61% for the first 10 stimuli in the train to 78% for the last 10
stimuli (Fig. 5B). This short-term depression disappeared when
the stimulus frequency was raised to 1 Hz. When stimulus trains
were presented at a frequency of 2 or 10 Hz, the failure rate
declined significantly during the train. Between the first and last
10 stimuli, the failure rate declined by 36% at a frequency of 2 Hz
and by 41% at a frequency of 10 Hz. Thus frequency-dependent
depression converted to facilitation over the narrow range of 0.8
to 2 Hz.

Mossy fibers that contact CA3 pyramidal cells, CA3 interneu-
rons, and dentate gyrus interneurons express type II metabo-
tropic glutamate receptors (Shigemoto et al., 1997), activation of
which inhibits glutamate release (Kamiya et al., 1996; Scanziani et
al., 1997; Doherty and Dingledine, 1998; Toth et al., 2000). Our
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Figure 5.  Short-term synaptic plasticity developed progressively during a train of 50 mini-
mal electrical stimuli. 4, Traces from representative experiments. In these examples, only 4 of
the first 10 stimuli presented at a frequency of 0.2 or 2 Hz evoked a minimal EPSC. In contrast,
only 1 of the last 10 stimuli presented at a frequency of 0.2 Hz evoked a synaptic response
compared with 7 of the last 10 stimuli presented at a frequency of 2 Hz. B, Mean values == SEM
for the number of cells given in Figure 4. From stimuli 21-30 onward, repeated stimulation at a
frequency of 0.2 Hz significantly increased the percentage of response failures, and repeated
stimulation atafrequency of 2 or 10 Hzsignificantly reduced the percentage of response failures
(p < 0.01 compared with stimuli 1-10 by Dunnett’s test after one-way repeated measures
ANOVAs yielded p << 0.001). For other details, see Figure 4.

initial studies of these receptors at mossy fiber — granule cell
synapses tested the ability of the selective agonist DCG-IV to
reduce the NMDA receptor-mediated component of the recur-
rent mossy fiber EPSC. In six cells, 1 um DCG-IV reduced the
peak amplitude of this response (Fig. 6A) by 28 * 8% (mean =
SEM; p < 0.05, paired f test). Subsequent experiments examined
the effect of DCG-IV on the minimal EPSC (which is mediated by
AMPA and kainate receptors). In nine cells, 1 um DCG-IV sig-
nificantly increased the percentage of failures during stimulation
at frequencies of 0.2, 2, and 10 Hz (Fig. 6 B). At the same time,
DCG-1V prevented the reduction in failures normally produced
by a 2 Hz stimulus train and at least delayed the reduction ob-
served with a 10 Hz train (Fig. 6C). These changes in failure rate
were not accompanied by any reduction in peak amplitude of the
minimal EPSC (control, 11 = 1 pA; DCG-IV, 14 = 2 pA;
means = SEM), consistent with a presynaptic site of action.
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Figure 6.  Activation of type Il metabotropic glutamate receptors inhibited transmission at
recurrent mossy fiber synapses. Recordings were made in the absence and then in the presence
of bath-applied 1 um DCG-IV. A, The NMDA receptor-mediated EPSC was recorded in the pres-
ence of 10 v NBQX and 30 um bicuculline at a holding potential of —20 mV. These responses
from a representative experiment are averages of six traces. Stimulus artifacts have been re-
moved. DCG-IV reduced the size of the response. B, DCG-IV significantly increased the percent-
age of response failures during minimal electrical stimulation (50 stimuli) at frequencies of 0.2,
2,and 10 Hz. Values are means == SEM for nine cells. *p << 0.05; ***p < 0.001; **p < 0.02 by
paired ¢ test. , Analysis of failure rates at different times during the stimulus train demon-
strated that DCG-IV abolished the frequency-dependent facilitation normally observed during
stimulation at 2 Hz and at least delayed the appearance of facilitation during stimulation at 10
Hz. For other details, see Figure 4.
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When used at a concentration of 100 nMm, LY 341495 almost
completely blocks the activation of type II metabotropic gluta-
mate receptors, whereas it has much less effect, if any, on type I
and III receptors (Schoepp et al., 1999). Bath application of 100
nM LY 341495 did not affect the failure rate of minimal recurrent
mossy fiber EPSCs evoked at a frequency of 0.2 Hz but signifi-
cantly reduced the percentage of failures obtained with 2 and 10
Hz stimulus trains (Fig. 7A). Its effect appeared to have developed
fully within the first fifth of the train (Fig. 5B). LY 341495 did not
change the peak amplitude of the response (control, 13 * 2 pA;
LY 341495, 14 = 3 pA; means = SEM; n = 9). Thus the
frequency-dependent reduction in transmission failures is lim-
ited by feedback of released glutamate onto presynaptic metabo-
tropic glutamate receptors.

NMDA receptor-mediated recurrent mossy fiber EPSC
Frequency-dependent facilitation at mossy fiber — pyramidal
cell synapses depends in large part on the activation of presynap-
tic kainate receptors by released glutamate (Schmitz et al., 2001).
Kainate receptors are expressed normally in the supragranular
zone of the dentate molecular layer (Monaghan and Cotman,
1982), and their density at that location increases in association
with supragranular mossy fiber sprouting (Represa et al., 1989a).
Thus it seemed reasonable that activation of presynaptic kainate
receptors might account, at least in part, for frequency-
dependent facilitation at mossy fiber — granule cell synapses.
The probable involvement of kainate receptors in the postsynap-
tic response complicates the use of minimal EPSCs to analyze the
role of presynaptic kainate receptors. We therefore used the
NMDA receptor-mediated component of the compound EPSC
for this purpose. The NMDA component was isolated pharma-
cologically in two ways: by blocking both AMPA and kainate
receptors with 10 um NBQX and by blocking AMPA receptors
only with either 30 um GYKI 53655 (Paternain et al., 1995; Wild-
ingand Huettner, 1995) or 40 um SYM 2206 (Pelletier etal., 1996;
Li et al., 1999). Tests performed with the two AMPA receptor-
selective antagonists yielded indistinguishable results. NMDA
receptor-mediated EPSC amplitudes ranged from 11 to 212 pA
(median, 27 pA).

Pilot studies on three cells confirmed the selectivity of the
antagonists. In the presence of NBQX and bicuculline, 50 um
D-AP-5 abolished all responses recorded at a holding potential of
—20 mV (Fig. 8, top). Thus responses recorded under these con-
ditions in the absence of D-AP-5 were mediated entirely by
NMDA receptors. In the presence of SYM 2206 and bicuculline, a
small response remained after the addition of p-AP-5 (Fig. 8,
middle). Its latency to peak (14—23 msec after the stimulus) was
shorter than that of the response recorded before the addition of
D-AP-5 (33-36 msec after the stimulus), whereas its kinetics were
more rapid (Fig. 8, bottom). These properties suggest that the
D-AP-5-resistant component reflected activation of postsynaptic
kainate receptors (Li et al., 1999; Cossart et al., 2002). It ac-
counted for only ~10% of the peak amplitude of the total
response.

When the NMDA component was isolated under conditions
that prevented the activation of kainate receptors (NBQX and
bicuculline), repetitive stimulation at a frequency of 1 or 2 Hz
depressed the response (Fig. 9). By the end of a 10-pulse train
delivered at either frequency, the peak amplitude had declined by
an average of 27%. Unblocking kainate receptors (GYKI 53655 or
SYM 2206 and bicuculline) converted frequency-dependent de-
pression into facilitation. By the end of a 10-pulse train delivered
at either 1 or 2 Hz, the peak amplitude had increased by an aver-
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Figure7.  Block of type Il metabotropic glutamate receptors enhanced the frequency-dependent

reduction in response failures during minimal electrical stimulation. Recordings were made in the
absence and then in the presence of bath-applied 100 nm LY 341495. A, LY 341495 did not affect the
percentage of response failures during stimulation ata frequency of 0.2 Hz but reduced the percentage
of failures during 2 and 10 Hz stimulus trains. Values are means == SEM for nine cells. *p << 0.05 by
paired t test. B, Analysis of failure rates at different times during the stimulus train suggested no
obvious time or use dependence in the action of LY 341495; its onset of action must have occurred
within the first 10 stimuli. For other details, see Figure 4.

age 0f 25%. The NMDA receptor- and kainate receptor-mediated
components of the recurrent mossy fiber EPSC were differenti-
ated in three experiments. The NMDA component grew by an
average of 89% (range, 59-148%) during a 2 Hz train, and the
kainate component grew by an average of 48% (range, 22-72%).
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Figure 8.  NMDA receptor-mediated recurrent mossy fiber EPSCisolated pharmacologically

with 30 pmbicuculline and either 10 v NBQX or 40 um SYM 2206. Recordings shown are from
representative experiments in which a train of 10 near-maximal stimuli was presented at a
frequency of 2 Hz. The stimulus train was repeated 10 times, and corresponding traces were
averaged. Then 50 um p-AP-5 was added to the superfusion medium, and the stimulation
protocol was repeated. Stimulus artifacts have been removed. Top, During superfusion with
NBQX, p-AP-5 abolished the response recorded at a holding potential of —20 mV. Note the
smaller response to the ninth stimulus in the train. Middle, During superfusion with SYM 2206,
a small, presumably kainate receptor-mediated, response (dashed arrow) remained after addi-
tion of p-AP-5 to the superfusion medium. Note the larger response to the ninth stimulus in the
train. Bottom, The kainate receptor-mediated component of the response to the ninth stimulus
inthe train (++p-AP-5) is scaled to the peak amplitude of the response recorded before addition
of 0-AP-5 to the superfusion medium. Note the change in the time course of the evoked re-
sponse after application of p-AP-5.

Additional experiments explored the interaction between
feedback activation of kainate and type II metabotropic gluta-
mate receptors. LY 341495 reversed the frequency-dependent de-
pression observed during 2 Hz stimulation with kainate receptors
blocked (Fig. 10, top). Little effect was observed during the early
part of the stimulus train, but response depression appeared to
reverse completely by the seventh stimulus. Under conditions
that allowed for kainate receptor activation, frequency-
dependent facilitation was observed in the presence or absence of
LY 341495 (Fig. 10, bottom). Facilitation was usually observed
with somewhat fewer stimuli when LY 341495 was present, but
the ultimate magnitude of facilitation was unchanged. Thus the
facilitatory effect of activating kainate receptors primarily oc-
cluded the effect of blocking type II metabotropic glutamate re-
ceptors. In the same experiments, LY 341495 did not affect re-
sponses evoked at a frequency of 0.2 Hz (data not shown).

Discussion

Our results suggest that mossy fiber synapses on dentate granule
cells exhibit short-term plasticity distinctly different from that
described for mossy fiber synapses on other neuronal types. Like
mossy fiber synapses on dentate gyrus interneurons located at the
border of the hilus (Doherty and Dingledine, 2001) and on some
inhibitory CA3 interneurons (Toth et al., 2000), repetitive acti-
vation of mossy fiber — granule cell synapses can provoke short-
term depression. However, this type of plasticity occurs in the
recurrent pathway only during activation at frequencies of <1
Hz. In contrast, mossy fiber — interneuron synapses exhibit
short-term depression only when activated at higher frequencies.
Like mossy fiber synapses on CA3 pyramidal cells (Salin et al.,
1996; Toth et al., 2000) and on some inhibitory CA3 interneurons
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or SYM 2206 ( p << 0.005 for 1Hz; p << 0.001 for 2 Hz).

(Toth et al., 2000), repetitive activation of mossy fiber — granule
cell synapses can also provoke short-term facilitation. However,
its magnitude and dynamic range are far smaller than at mossy
fiber — pyramidal cell synapses. Although the dynamic range of
recurrent mossy fiber synapses (0.8—2 Hz) approximates that of
mossy fiber synapses on those inhibitory CA3 interneurons that
exhibit short-term facilitation, the magnitude of facilitation is
smaller. Thus short-term synaptic plasticity in the recurrent
mossy fiber pathway combines elements of the frequency-
dependent depression and facilitation reported for other divi-
sions of the mossy fiber projection, yielding a unique dependence
of the postsynaptic response on presynaptic activity. There does
not appear to be any clear morphological basis for these differ-
ences among mossy fiber synapses. On average, mossy fiber bou-
tons that contact dentate granule cells are intermediate in diam-
eter between those that contact CA3 pyramidal cells, on the one
hand, and inhibitory interneurons, on the other (Okazaki et al.,
1995; Molnér and Nadler, 1999).

Short-term frequency-dependent depression

Dentate granule cells in vivo fire action potentials at a low rate
punctuated by brief periods of high-frequency discharge (Henze
etal., 2002). For the rat, normal baseline activity during a learn-
ing task is in the range of 0.1-1 Hz (Jung and McNaughton,
1993). Our results suggest that repetitive granule cell firing at
frequencies within this range leads to progressive transmission
failure. During minimal electrical stimulation at a frequency of
0.2 Hz, the already high percentage of failures increased by an
average of 28% during a train of 50 stimuli. It is not clear whether
the transmission rate had plateaued by the end of the train or
whether it would have continued to decline with additional stim-
ulation. Recurrent mossy fiber synapses may not synchronize
granule cell discharge effectively under these conditions. In fact,

1234567819310

Unblocking kainate receptors converts short-term depression into facilitation. The NMDA receptor-mediated EPSC
wasisolated pharmacologically with 30 pm bicuculline and 10 um NBQX, 30 pum GYKI 53655, or 40 um SYM 2206. Left, Recordings
from representative experiments performed as described in Figure 8, except that o-AP-5 was not used. In the presence of NBQX the
amplitude of the response declined during the stimulus train, whereas response amplitude increased when SYM 2206 was used.
Right, Mean values = SEM for 10 cells in each group. The synaptic response exhibited statistically significant depression when the
mossy fibers were stimulated at a frequency of 1 or 2 Hz in the presence of NBQX ( p << 0.001 in each case by one-way repeated
measures ANOVA). In contrast, the response facilitated during stimulation at these same frequenciesin the presence of GYKI 53655

sprouting into the dentate molecular layer
(Tauck and Nadler, 1985; Cronin et al.,
1992; Patrylo and Dudek, 1998; Hardison
et al., 2000).

Short-term depression could still be
observed at recurrent mossy fiber syn-
apses during stimulation at frequencies of
1 or 2 Hz, provided that kainate receptors
were blocked. This process was mediated,
after some delay, by feedback activation of
type II metabotropic glutamate receptors.
Because these receptors are localized
mainly on the preterminal axon and on
regions of the bouton outside the synaptic cleft (Shigemoto etal.,
1997), the delay presumably reflected the time required for glu-
tamate to overflow the synapse and to reach a concentration at
the receptor sufficient for activation.

Response #

Short-term frequency-dependent facilitation

Facilitation was manifested as a reduction in response failures
during minimal electrical stimulation (~40%), an increase in the
amplitude of the compound EPSC (~25%), an increase in the
amplitude and duration of the compound EPSP, and an increase
in the amplitude of the NMDA receptor-mediated EPSC
(~25%). Although the magnitude of facilitation is rather small
compared with that observed at mossy fiber synapses on other
neuronal populations, it appears comparable with that reported
for Schaffer collateral — commissural synapses in area CA3 (Sa-
lin et al., 1996). Furthermore, the transmission rate of minimal
EPSCs at the end of a 50-pulse train delivered at a frequency of 2
or 10 Hz was approximately twice that at the end of a train deliv-
ered at a frequency of 0.2 Hz. These effects are likely to be phys-
iologically significant, because even a small enhancement of ex-
citatory transmission could substantially increase synchronized
granule cell activity supported by the recurrent mossy fiber path-
way (Traub and Dingledine, 1990).

Short-term facilitation depends on the activation of kainate
receptors by released glutamate, as previously described for
mossy fiber — pyramidal cell synapses (Schmitz et al., 2001). In
fact, kainate receptor activation appears to be an absolute re-
quirement for stimulus trains to facilitate transmission at mossy
fiber synapses on granule cells. Although kainate receptors are
expressed on both the presynaptic and postsynaptic membranes
at mossy fiber synapses, previous reports suggest that feedback
onto presynaptic receptors is critical (Schmitz et al., 2001; Ka-
miya et al., 2002). Our finding that stimulus trains enhanced all
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Figure 10.  Block of type Il metabotropic glutamate receptors modified short-term plasticity

atrecurrent mossy fiber synapses in response to a 2 Hz stimulus train. Values are means = SEM
for 10 cells in each group. Top, LY 341495 (100 nu) reduced and eventually abolished response
depression observed when the NMDA receptor-mediated EPSC was isolated with 30 wum bicu-
culline and 10 pum NBQX [p << 0.001 by Newman—Keuls test after two-way ANOVA (treat-
ment X stimulus number)]. Bottom, When the NMDA receptor-mediated component was
isolated with 30 mbicuculline and 40 pum SYM 2206, facilitation usually appeared earlier in the
train during application of LY 341495. However, this effect was not statistically significant [p >
0.1, two-way ANOVA (treatment X stimulus number)].

three components of the recurrent mossy fiber EPSC is consistent
with this idea; certainly facilitation of the small kainate compo-
nent of the postsynaptic response was insufficient to account for
our results. Kainate receptors act in opposition to type Il metabo-
tropic glutamate receptors. Activation of metabotropic receptors
limited the reduction in transmission failures produced by 2 and
10 Hz stimulus trains and tended to reduce the rate at which
facilitation of the NMDA receptor-mediated EPSC developed.
Kainate receptors, like type I metabotropic receptors, have been
localized to the mossy fiber axon (Petralia et al., 1994). Under our
experimental conditions, metabotropic receptors appeared to be
activated earlier during a stimulus train than kainate receptors.
However, kainate receptor activation had the greater effect on
recurrent mossy fiber transmission. Activation of kainate recep-
tors during near-maximal mossy fiber stimulation at a frequency
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of 2 Hz occluded any effect of blocking metabotropic receptors
on the ultimate magnitude of short-term facilitation. The mech-
anism(s) underlying this interaction requires investigation. Kai-
nate receptor activation produces mossy fiber afterdepolarization
that enhances action potential-driven Ca** influx (Kamiya et al.,
2002), whereas activation of type II metabotropic glutamate re-
ceptors both reduces presynaptic Ca*" influx and downregulates
the exocytotic machinery (Kamiya and Ozawa, 1999). Kainate
receptor-driven Ca*" entry may counteract one or both effects of
metabotropic receptor activation.

Transmission at recurrent mossy fiber synapses also under-
goes a process that might be called “reversal of facilitation,” that
is, the loss of short-term facilitation when the magnitude of the
postsynaptic response is substantially increased. This process was
most clearly evident with 10 Hz stimulus trains. During minimal
electrical stimulation at 10 Hz, the transmission rate increased
substantially. However, the compound EPSC and EPSP failed to
potentiate during stimulation of the pathway at 10 Hz with near-
maximal electrical pulses. Although this result may have been
influenced in some experiments by overlap of successive re-
sponses, strong activation of the recurrent mossy fiber pathway in
vivo probably evokes long-lasting polysynaptically driven EPSCs.
Thus short-term facilitation might occur in vivo over just the
same narrow range of frequencies (1-2 Hz) as in the hippocampal
slice. Finally, stimulation of the pathway at a frequency of 10 Hz
markedly reduces and can even abolish the synaptic response if
the first stimulus in the train evokes granule cell epileptiform
activity (Hardison et al., 2000). Thus 10 Hz activity potentiates
weak recurrent mossy fiber responses and attenuates strong re-
sponses. The mechanism(s) that underlies reversal of facilitation
remains to be determined.

Implications for seizure propagation
Frequency-dependent short-term plasticity joins GABA inhibi-
tion and [K ™], as a key factor that regulates participation of the
recurrent mossy fiber pathway in granule cell epileptiform activ-
ity. Frequency-dependent depression contributes to the failure of
this pathway to synchronize granule cell discharge effectively
during normal activity. Frequency-dependent facilitation may
promote synchronized discharge when granule cell activity
reaches =1 Hz. Occasions when this might occur include the
brief periods of high-frequency activity during normal behavior
(Henze etal., 2002), the periods of hypersynchronous fast activity
characteristic of epileptic brain (Bragin etal., 1999, 2002), and the
period of increasing granule cell activity that precedes a sponta-
neous seizure (Bragin et al., 1999; Finnerty and Jefferys, 2000).
Each dentate granule cell innervates ~14 CA3 pyramidal cells
and 40-50 inhibitory CA3 interneurons (Acsady et al., 1998).
The ability of the dentate gyrus to filter epileptiform activity de-
rives, in part, from mossy fiber-evoked feedforward inhibition
that prevents the spread of excitation from the few targeted CA3
pyramidal cells to the rest of the synaptically interconnected py-
ramidal cell population. This inhibitory drive can be overcome
either through intense activation of granule cells (Lothman et al.,
1992) or through frequency-dependent facilitation in the mossy
fiber pathway (Henze et al., 2002). Frequency-dependent facili-
tation is of greater magnitude and operates over a much broader
dynamic range at mossy fiber synapses on pyramidal cells than on
interneurons (Toth et al., 2000). Moreover, some mossy fiber
synapses on CA3 interneurons undergo frequency-dependent
depression. The overall effect is to enhance the driving of pyra-
midal cells relative to interneurons (Henze et al., 2002). Thus
frequency-dependent facilitation in the recurrent mossy fiber
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pathway is expected to enhance synchronous population dis-
charge of dentate granule cells directly and CA3 pyramidal cells
indirectly. Other changes in the dentate gyrus of epileptic brain,
such as depressed synaptic inhibition (Sloviter, 1991; Rice et al.,
1996; Williamson et al., 1999; Doherty and Dingledine, 2001),
would increase the impact of synaptic facilitation, leading to a
potentially explosive gain of excitability. We propose that the
recurrent mossy fiber pathway promotes seizure propagation
from the entorhinal cortex to the hippocampus mainly when
granule cells are driven at a frequency appropriate to promote
synaptic facilitation.
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