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Spontaneous Release of Neuropeptide Y Tonically Inhibits
Recurrent Mossy Fiber Synaptic Transmission in
Epileptic Brain
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In the pilocarpine model of temporal lobe epilepsy, mossy fibers coexpress the inhibitory transmitter neuropeptide Y (NPY) with
glutamate. The effects of endogenous and applied NPY on recurrent mossy fiber synaptic transmission were investigated with the use of
whole-cell voltage-clamp and field recordings in rat hippocampal slices. Applied NPY reversibly inhibited synaptic transmission at
recurrent mossy fiber synapses on dentate granule cells but not at perforant path or associational– commissural synapses. It also reduced
the frequency of miniature EPSCs (mEPSCs) in granule cells from epileptic, but not control, rats and depressed granule cell epileptiform
activity dependent on the recurrent mossy fiber pathway. These actions of NPY were mediated by activation of presynaptic Y2 receptors.
The Y2 receptor antagonist (S)-N 2-[[1-[2-[4-[(R,S)-5,11-dihydro-6(6H)-oxodibenz[b,e]azepin-11-yl]-1-piperazinyl]-2-oxoethyl]cyclo-
pentyl]acetyl]-N-[2-[1,2-dihydro-3,5(4H)-dioxo-1,2-diphenyl-3H-1,2,4-triazol-4-yl]ethyl]argininamide (BIIE0246) not only blocked the
effects of NPY but also enhanced recurrent mossy fiber synaptic transmission, the frequency of mEPSCs, and the magnitude of mossy
fiber-evoked granule cell epileptiform activity when applied by itself. Several observations supported the selectivity of BIIE0246. These
results suggest that even the spontaneous release of NPY (or an active metabolite) from recurrent mossy fibers is sufficient to depress
glutamate release from this pathway. Tonic release of NPY accounts at least partially for the low probability of glutamate release from
recurrent mossy fiber terminals, impedes the ability of these fibers to synchronize granule cell discharge, and may protect the hippocam-
pus from seizures that involve the entorhinal cortex. This pathway may synchronize granule cell discharge more effectively in human
brain than in rat because of its lower expression of NPY.
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Introduction
A unique feature of temporal lobe epilepsy is the anatomical re-
organization of the dentate gyrus (Represa et al., 1989; Sutula et
al., 1989; Babb et al., 1991; Houser, 1992; Franck et al., 1995). This
phenomenon is replicated in several animal models of epilepsy,
including the pilocarpine-treated rat (Nadler, 2003). Dentate
granule cells become interconnected through the growth of re-
current mossy fibers. These mossy fiber collaterals mediate recur-
rent excitation (Wuarin and Dudek, 1996; Molnár and Nadler,
1999; Okazaki et al., 1999; Feng et al., 2003), a type of innervation
that is hardly present on dentate granule cells in normal brain.
Formation of recurrent excitatory circuitry in the dentate gyrus
could contribute to progressively enhanced excitability (Gorter et
al., 2001; Zhang et al., 2002), because in nonepileptic animals,
dentate granule cells have been shown to resist the propagation of
seizures from the entorhinal cortex to the hippocampus (Collins
et al., 1983; Stringer et al., 1989; Lothman et al., 1992). The re-

current mossy fiber pathway contributes to a reduced threshold
for granule cell synchronization (Tauck and Nadler, 1985; Cro-
nin et al., 1992; Masukawa et al., 1992; Patrylo and Dudek, 1998;
Hardison et al., 2000; Okazaki and Nadler, 2001), which would
presumably facilitate the participation of these cells in seizures.

Seizures dramatically alter the expression of neuropeptide Y
(NPY) in the dentate gyrus (Schwarzer et al., 1995; Lurton and
Cavalheiro, 1997; Makiura et al., 1999; Vezzani et al., 1999a).
NPY, a 36-amino acid polypeptide, is one of the most abundant
and widely distributed neuroactive peptides in the brain (Hökfelt
et al., 1998). It is normally expressed by subpopulations of GABA
neurons in the CNS and sympathetic fibers in the periphery.
Seizures enhance the expression of NPY throughout neocortical
and limbic regions, and dentate granule cells express NPY de
novo. Strong NPY immunoreactivity persists in granule cells of
epileptic brain (Vezzani et al., 1999a), including the brain of
pilocarpine-treated epileptic rats (Scharfman et al., 2000), for
months at least. NPY is transported through the mossy fibers to
their terminals, from which it can be released (McCarthy et al.,
1998). This is the only known instance in which NPY is released
by a glutamate pathway. Seizures also alter the expression of NPY
receptors. The six Gi/Go-coupled receptors for NPY may be lo-
cated at both presynaptic and postsynaptic sites. The Y1 and Y2

receptors are the most prominently expressed in the hippocam-
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pus (Redrobe et al., 1999). Seizures markedly increase the density
of Y2 receptors in the dentate gyrus, whereas the density of Y1

receptors declines (Gobbi et al., 1998; Schwarzer et al., 1998).
Applied NPY inhibits synaptic transmission at most excitatory
synapses of the rat hippocampus, including mossy fiber synapses
on CA3 pyramidal cells (Klapstein and Colmers, 1993), and sup-
presses epileptiform activity (Klapstein and Colmers, 1997). Pre-
synaptic Y2 receptors mediate at least some of these inhibitory
actions of NPY (El Bahh et al., 2002). Thus, in epileptic brain,
mossy fiber terminals release both the excitatory amino acid glu-
tamate and the inhibitory neuropeptide NPY. Corelease of NPY
may explain, in part, why stimulation of the mossy fibers in vitro
(Tauck and Nadler, 1985; Cronin et al., 1992; Patrylo and Dudek,
1998; Hardison et al., 2000) or the perforant path in vivo (Buck-
master and Dudek, 1997) usually does not evoke reverberating
excitation in the dentate gyrus, even in the presence of robust
recurrent mossy fiber growth. This study examined the effects of
endogenous and applied NPY on synaptic transmission at recur-
rent mossy fiber synapses and on granule cell epileptiform activ-
ity evoked by activating these synapses. Our findings suggest that
even spontaneous release of endogenous NPY or an active me-
tabolite strongly depresses the activity of this pathway.

Materials and Methods
Pilocarpine-induced status epilepticus. Male Sprague Dawley rats (175–
200 g; Zivic Laboratories, Pittsburgh, PA) were given injections of pilo-
carpine (340 –380 mg/kg, i.p.) 30 min after pretreatment with methyl-
scopolamine and terbutaline (2 mg/kg, i.p., each). Most rats so treated
developed status epilepticus, defined as a continuous limbic motor sei-
zure of stage 2 or higher (Racine, 1972). Initially, status epilepticus was
terminated 3.5 h after onset with a single injection of sodium phenobar-
bital (50 mg/kg, i.p.). These rats did not always develop a robust recur-
rent mossy fiber pathway (Timm score of 3– 4) (see Fig. 1 A, B) (Okazaki
et al., 1995), however. Because extensive mossy fiber growth was required
for this study, subsequent experiments used rats whose status epilepticus
had been allowed to self-terminate after �6 h or longer. In these in-
stances, a fan mounted atop the cage blew a stream of cool air on the
animal, to minimize seizure-induced hyperthermia (Sloviter et al., 2003).
Lengthening the duration of status epilepticus ensured that all animals
exhibited robust recurrent mossy fiber growth. Thus, a higher fraction of
granule cells responded to mossy fiber stimulation, and compound EP-
SCs tended to be larger. No difference in either mossy fiber NPY expres-
sion or NPY pharmacology was apparent. There was also no increase in
mortality. Although animals in the present study were not monitored
systematically after recovery from status epilepticus, previous studies
demonstrated all rats that develop status epilepticus exhibit spontaneous
limbic motor seizures after a 1–3 week latent period (Mello et al., 1993;
Lemos and Cavalheiro, 1996).

Some rats exhibited only a few brief behavioral seizures, but not status
epilepticus, in response to pilocarpine. Histological tests revealed no
evidence of neuronal degeneration or supragranular mossy fiber growth
in these animals (Okazaki et al., 1999). We also have not found any
significant difference in electrophysiological response between these an-
imals and age-matched untreated rats (Molnár and Nadler, 1999; Oka-
zaki et al., 1999; Hardison et al., 2000; Okazaki and Nadler, 2001). They
were therefore used as controls to account for any possible action of
pilocarpine not mediated by status epilepticus.

All protocols were approved in advance by the Duke University Insti-
tutional Animal Care and Use Committee

Preparation and incubation of hippocampal slices. Animals were decap-
itated under deep ether anesthesia 10 –20 weeks after pilocarpine admin-
istration. Transverse 400-�m-thick slices of the caudal hippocampal for-
mation were prepared with a vibratome and incubated in a high-Mg 2�

artificial CSF (ACSF) that consisted of (in mM) 122 NaCl, 25 NaHCO3,
3.1 KCl, 1.8 CaCl2, 12 MgSO4, 0.4 KH2PO4, and 10 D-glucose, pH 7.4, by
gassing with 95% O2/5% CO2. Before whole-cell patch-clamp recording,
the slices were incubated for 45– 60 min at 34°C and then at room tem-

perature. Before field-potential recording, slices were incubated at room
temperature continuously. Experimentation began after at least 1 h of
incubation. Slices used for electrophysiological recording corresponded
to horizontal plates 98 –100, as described by Paxinos and Watson (1986).

Whole-cell patch-clamp recording. A slice was transferred to a
submersion-type recording chamber mounted on a microscope stage,
barely submerged in standard ACSF (1.2 mM MgSO4) at room tempera-
ture (22–24°C), and superfused at 2–3 ml/min. Whole-cell patch-clamp
recordings were obtained from dentate granule cells with the assistance
of infrared-differential interference contrast optics or by the “blind” ap-
proach (Blanton et al., 1989). Patch electrodes fashioned from borosili-
cate glass (1.5 mm outer diameter; Sutter Instruments, Novato, CA) had
a tip resistance of 6 –7.5 M�. The tip was filled with a solution that
contained (in mM) 140 cesium gluconate, 15 HEPES, 3.1 MgCl2, 1 CaCl2,
and 11 EGTA, pH 7.2 and 276 mOsm. The electrode was then backfilled
with an internal solution that contained 120 mM cesium gluconate, 10
mM HEPES, 2 mM MgATP, 1 mM EGTA, 5 mM creatine phosphate, 20
U/ml creatine phosphokinase, and 10 mM N-ethyllidocaine chloride
(QX-314), pH 7.2 and 276 mOsm. Whole-cell access was achieved in
current-clamp mode; only cells with resting potential (Vm) values greater
than �70 mV were accepted for study. Recordings were made with an
Axopatch 200B or 200A amplifier (Axon Instruments, Foster City, CA)
beginning �20 min after break-in. Series resistances of 11–16 M� were
compensated 70 –75%. Recordings were rejected if the series resistance
varied by �20%. Input resistance (RN) was calculated from the current
deflection produced by a 200 ms, 5 mV hyperpolarization from a holding
potential of �80 mV. Constant-current rectangular electrical stimuli
(0.1 ms duration) were delivered through a monopolar electrode fash-
ioned from 25-�m-diameter nichrome wire insulated to the tip with
Formvar. Despite the seemingly high currents used in some experiments,
stimuli appeared to be quite localized. For example, moving the electrode
only 50 �m laterally from the center of stratum lucidum abolished both
antidromic and orthodromic responses of granule cells to stimulation of
the mossy fibers. Signals were filtered below 2 kHz, sampled at 10 kHz,
and stored for analysis off-line with pClamp8 software (Axon Instru-
ments). The effects of NPY and NPY receptor ligands were evaluated
between 5 and 8 min after the compound was added to the superfusion
medium. By this time, the effect of the compound was maximal.

NMDA receptor-mediated EPSC. The NMDA receptor-mediated com-
ponent of the compound EPSC was isolated pharmacologically by addi-
tion to the superfusion medium of 30 �M bicuculline, to block GABAA

receptors, and 10 �M 2,3-dihydroxy-6-nitro-7-sulfonyl-benzo[f] qui-
noxaline (NBQX), to block AMPA and kainate receptors. Recordings
were made at a holding potential of �20 or �30 mV. D-2-Amino-5-
phosphonopentanoate (D-AP-5; 50 �M) abolished the evoked current
when added to the superfusion medium at the end of the experiment,
confirming that the current was mediated entirely by NMDA receptors.
Pathways were stimulated under each condition with a train of 10 pulses
at a frequency of 0.1 Hz and intensity of 100 – 600 �A. The effects of test
compounds were computed from the average of the 10 evoked responses.
Responses to mossy fiber and perforant path stimulation were studied in
slices prepared from rats that had developed status epilepticus, whereas
responses to stimulation of the associational– commissural fibers were
studied in slices from control rats. See the supplemental figure (available
at www.jneurosci.org as supplemental material) for placement of the
stimulating electrode in each instance.

Minimal electrically evoked recurrent mossy fiber EPSC. These responses
were recorded in the presence of 30 �M bicuculline at a holding potential
of �80 mV. The stimulating electrode was placed in the granule cell body
layer �200 �m from the recorded cell. The stimulus intensity was set
initially at 200 �A and then reduced until some stimuli evoked no re-
sponse in the recorded cell. Response failures appeared at stimulus in-
tensities between 10 and 150 �A. The same intensity was used for all
recordings from that cell. Responses were accepted as minimal EPSCs if
their peak amplitude was at least twice the baseline noise and they ap-
peared at a constant latency �5 ms. All such responses were abolished by
adding 10 �M NBQX to the superfusion medium. A train of 50 stimuli
was presented at a frequency of 0.2 Hz. Properties of the minimal recur-
rent mossy fiber EPSC were computed after electronically subtracting the
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average of all traces without a minimal EPSC 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 per response were
determined with functions incorporated in pClamp8. Occasionally, a
spontaneous event overlapped a portion of the evoked response. In these
instances, the trial was counted as a success but was excluded from the
computation of response properties.

Miniature EPSC. Spontaneous synaptic currents were recorded in the
presence of 30 �M bicuculline and 1 �M tetrodotoxin (TTX) at a holding
potential of �80 mV. Events were recorded for 3 min under each exper-
imental condition with the use of pClamp8. Miniature EPSC (mEPSC)
frequency and the properties of mEPSCs were analyzed with the use of
MiniAnalysis (Synaptosoft, Decatur, GA). The amplitude threshold for
detecting mEPSCs was the same as for minimal electrically evoked
EPSCs. This conservative criterion presumably eliminated many of the
mEPSCs that originated from the distal portions of the dendrites, thus
biasing the analysis toward responses that originated close to the soma.
After MiniAnalysis had identified the putative mEPSCs automatically,
each record was examined manually to exclude false positives. Peak am-
plitude, 10 –90% rise time, �, and charge transfer per response were de-
termined for each verified mEPSC and averaged to obtain a single set of
values for each recording. Spontaneous events that overlapped were not
used for the computation of mEPSC properties.

Field-potential recording. Only hippocampal slices from rats that had
developed status epilepticus were used in these studies. Individual slices
were transferred to a small experimental chamber maintained at 35°C,
barely submerged in standard ACSF, and superfused at 2 ml/min. A cut
was placed between areas CA1 and CA3 to prevent reverberating excita-
tion in the hippocampal– entorhinocortical circuit (see supplemental
figure, available at www.jneurosci.org as supplemental material). The
recurrent mossy fibers were activated as described above at an intensity
that evoked an antidromic population spike �85% of the maximal am-
plitude (mean intensity, 450 �A; range, 260 – 620 �A). The perforant
path was activated with an electrode placed in the subiculum. An extra-
cellular glass recording electrode filled with 1 M NaCl (resistance, 5–7
M�) was placed in the granule cell body layer where the antidromic
population spike was of the greatest amplitude (Okazaki et al., 1999).
Responses were amplified with AC coupling, filtered below 3 kHz, digi-
tized at 10 kHz, and stored to disk with the use of pClamp8.

The superfusion medium in these experiments contained 6 mM K�

and 30 �M bicuculline to maximize the probability of evoking granule
cell epileptiform activity (Okazaki and Nadler, 2001). Mossy fibers were
stimulated, and extracellular recordings were acquired every 30 s for 70
min. Mossy fiber stimulation evoked a relatively stable epileptiform re-
sponse by this time. This response was identified as spiking activity
(sharp waves at least three times larger in amplitude than background
activity and �7 ms in duration) on the trace after the antidromic popu-
lation spike. The magnitude of epileptiform activity was quantified by
measurement of the coastline index (Dingledine et al., 1986), as de-
scribed previously (Hardison et al., 2000; Okazaki and Nadler, 2001).
The coastline index allows for statistical comparisons among treatment
groups regardless of the mechanism responsible for those differences. It
was computed for the 387 ms period beginning at the end of the anti-
dromic population spike. To account for baseline electrical noise, the
coastline index was also determined for the 108 ms period immediately
before the stimulus. This value was extrapolated to 387 ms and sub-
tracted from the poststimulus coastline index.

Mossy fiber stimulation failed to evoke granule cell epileptiform activ-
ity in some slices. In these experiments, the stimulating electrode was
moved into the subiculum to evoke perforant path (medial plus lateral)
responses. The perforant path was stimulated every 30 s with pulses of the
same duration, shape, and intensity as those used for mossy fiber stimu-
lation in the same slice. The coastline index was computed as described
for responses to mossy fiber stimulation for the first 70 ms of the trace
that followed the end of the stimulus artifact.

Test compounds were added to the superfusion medium 70 min after
the switch to bicuculline/6 K� medium. The effects were maximal within
20 min. They were quantitated by averaging the coastline indices for the

10 traces recorded between 20 and 24.5 min after the addition of test
compound and comparing that to the average coastline index obtained
during the 4.5 min period before its addition.

NPY immunohistochemistry. Rats were deeply anesthetized with pen-
tobarbital and perfused transcardially with PBS, followed by 4% (w/v)
phosphate-buffered paraformaldehyde. The brain was cut into 50-�m-
thick horizontal sections with a vibratome, and the sections were exposed
sequentially to PBS (three times for 10 min), 0.5% (v/v) H2O2 (1 h), 0.1%
(v/v) Triton X-100 in PBS (PBS-T; three times for 10 min), 10% (v/v)
normal goat serum in PBS-T (90 min), rabbit anti-NPY antiserum
[1:1000 or 1:2000 dilution with 5% (v/v) normal goat serum/PBS-T;
Peninsula Laboratories, San Carlos, CA] (overnight at 4°C), PBS-T (four
times for 10 min), biotinylated goat anti-rabbit IgG [1:200 dilution with
2% (v/v) normal goat serum/PBS-T; Vector Laboratories, Burlingame,
CA] (1 h), PBS (three times for 10 min), avidin– biotin– horseradish
peroxidase (Vectastain Elite ABC kit; Vector Laboratories) (1 h), PBS
(three times for 10 min), and 3,3�-diaminobenzidine/H2O2/nickel am-
monium sulfate (DAB substrate kit for peroxidase; Vector Laboratories)
(4 min). All steps were performed at room temperature unless indicated
otherwise.

Mossy fiber terminals were visualized with the use of the Timm stain
for heavy metals after transcardial perfusion with 0.1% (w/v) Na2S in
0.15 M sodium phosphate buffer, pH 7.4, followed by 10% formalin in
PBS, pH 7.4 (Danscher, 1981).

Materials. NPY, N 2-(diphenylacetyl)-N-([4-hydroxyphenyl]methyl)-
D-arginine amide (BIBP3226), D-gluconic acid lactone, cesium hydrox-
ide (99.9%; 50% by weight), HEPES, EGTA, creatine phosphate, creatine
phosphokinase, pilocarpine hydrochloride, (�)scopolamine methyl
bromide, and terbutaline hemisulfate were purchased from Sigma (St.
Louis, MO); D-AP-5, NBQX, L-2-amino-4-phosphonobutyric acid (L-
AP-4), and TTX were purchased from Tocris Cookson (Ellisville, MO);
bicuculline methiodide and NPY (3–36) were purchased from Research
Biochemicals (Natick, MA); and QX-314 was purchased from Alomone
Laboratories (Jerusalem, Israel). ( S)-N 2-[[1-[2-[4-[( R, S)-5,11-
dihydro-6(6H)-oxodibenz[b,e]azepin-11-yl]-1-piperazinyl]-2-
oxoethyl]cyclopentyl]acetyl]-N-[2-[1,2-dihydro-3,5(4H)-dioxo-1,2-
diphenyl- 3H-1,2,4-triazol-4-yl]ethyl]-argininamide (BIIE0246) was a
gift from Boehringer-Ingelheim (Biberach an der Riss, Germany).

Results
Long-lasting expression of NPY in mossy fibers after
pilocarpine-induced status epilepticus
In the dentate gyrus of control rats, somata immunoreactive for
NPY were mainly confined to the hilus (Fig. 1C). Hilar NPY-
immunoreactive neurons were presumably HIPP cells (soma lo-
cated in the hilus, axonal projection to the perforant path zone),
which are known to coexpress NPY, somatostatin, and GABA
(Freund and Buzsáki, 1998). Immunostaining was also present in
the outer part of the molecular layer, where axons of the HIPP
cells terminate. Three changes were evident in sections from rats
that had developed status epilepticus (status epilepticus group)
and were analyzed 10 –20 weeks after pilocarpine administration
(Fig. 1D). First, NPY immunoreactivity appeared de novo in the
mossy fiber pathway, including the recurrent mossy fibers. Mossy
fiber immunoreactivity was strongest in the inner portion of the
dentate molecular layer, the locus of recurrent mossy fibers. Sec-
ond, there were markedly fewer NPY-immunoreactive somata in
the dentate hilus. Third, immunostaining in the outer part of the
molecular layer was less distinct, consistent with the loss of HIPP
cells. These findings replicate previous reports (Lurton and Cav-
alheiro, 1997; Vezzani et al., 1999a; Scharfman et al., 2000) and
confirm that recurrent mossy fibers expressed NPY at the time
our electrophysiological studies were performed.
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NPY inhibited transmission at recurrent mossy fiber synapses
selectively and reversibly
Stimulation of the mossy fibers in the presence of bicuculline
evoked a response in the recorded granule cell that usually con-
sisted of both monosynaptic and polysynaptic components. Iso-
lating the NMDA receptor-mediated component of the response
by adding NBQX to the superfusion medium and recording at a
holding potential of �20 or �30 mV eliminated the polysynaptic
components (Salin et al., 1996; Feng et al., 2003). Thus, our initial
electrophysiological studies used the NMDA receptor-mediated
compound EPSC, because this response is likely to be purely
monosynaptic. In hippocampal slices from the status epilepticus
group, NPY (1 �M) inhibited transmission at recurrent mossy
fiber synapses (Fig. 2). The NMDA component of the compound
EPSC was reduced by an average of 70% ( p � 0.01; paired t test).
The effect of NPY reversed slowly after washout; the response
only regained its initial amplitude after �60 min.

Dentate granule cells normally receive excitatory innervation
from the perforant path, which originates in the entorhinal cor-
tex, and the associational– commissural pathway, which arises
from mossy cells of the hilus. NPY (1 �M) did not significantly
affect the NMDA component of the compound perforant path
EPSC in slices from the status epilepticus group (Fig. 3). Associa-
tional– commissural synaptic transmission was studied in slices
from control rats, because pilocarpine-induced status epilepticus

essentially destroys this pathway (Okazaki
et al., 1999; Nadler and Jiao, 2004). Stimuli
were applied to the inner third of the mo-
lecular layer, and the NMDA component
of the evoked response was studied. In
seven cells, 50 �M L-AP-4 reduced the re-
sponse by 45 � 7% (mean � SEM; p �
0.005; paired t test). This finding suggests
that the stimulus activated predominantly
associational– commissural fibers because
terminals in this pathway express the in-
hibitory metabotropic receptor mGluR4,
which is highly sensitive to L-AP-4 (Shige-
moto et al., 1997). In contrast, the adjacent
medial perforant path does not express
L-AP-4-sensitive receptors. NPY did not
affect the response significantly. Thus,
NPY inhibited recurrent mossy fiber
transmission selectively.

NPY action mediated by the Y2 receptor
NPY inhibits transmission at Schaffer col-
lateral– commissural synapses in hip-
pocampal area CA1 (Weiser et al., 2000; El
Bahh et al., 2002) and in the thalamic re-
ticular nucleus (Sun et al., 2001) by acti-
vating presynaptic Y2 receptors. NPY in-
hibited recurrent mossy fiber transmission
by a similar mechanism. NPY (3–36) (1
�M), a Y2 receptor agonist (Grandt et al.,
1996), replicated the action of NPY. It re-
duced the NMDA component of the com-
pound recurrent mossy fiber EPSC by an
average of 41% ( p � 0.01; paired t test)
(Fig. 4A). Furthermore, application of the
Y2 receptor antagonist BIIE0246 (100 nM)
(Doods et al., 1999; Dumont et al., 2000;
Weiser et al., 2000) prevented the action of

NPY (Fig. 5). However, BIBP3226 (1 �M), a specific Y1 receptor
antagonist (Doods et al., 1996), had no effect (Fig. 4B).

BIIE0246 enhanced transmission at recurrent mossy fiber
synapses selectively
BIIE0246 (100 nM) not only blocked the inhibitory action of NPY
but also nearly doubled the size of the mossy fiber-evoked EPSC
when applied by itself ( p � 0.01; paired t test) (Fig. 5A–C). The
full effect of the antagonist was evident with the first stimulus in a
0.1 Hz train (Fig. 5B); neither a previous stimulus nor repetitive
presynaptic activity was required. BIIE0246 had no such effect on
transmission at perforant path or associational– commissural
synapses (Fig. 5D).

In recordings from six granule cells in slices prepared from
control rats, mossy fiber stimulation evoked no synaptic current
in the absence or presence of BIIE0246 nor did we observe any
BIIE0246-induced current. In recordings from granule cells of
the status epilepticus group, neither BIIE0246 nor NPY had any
consistent effect on the leak current. Furthermore, neither com-
pound altered RN measured at a holding potential of �80 mV.
The values for BIIE0246 were as follows: control, 580 � 50 M�;
BIIE0246, 540 � 40 M� (mean � SEM; n 	 24). The values for
NPY were as follows: control, 550 � 60 M�; NPY, 540 � 70 M�
(mean � SEM; n 	 10).

Figure 1. Recurrent mossy fibers that expressed NPY were present when electrophysiological studies were performed. Trans-
verse sections were cut from the same portion of the hippocampal formation used for recording. G, Granule cell body layer; H,
dentate hilus; MF, mossy fiber pathway in area CA3b–CA3c; RMF, recurrent mossy fiber pathway. A, Timm histochemistry in a
section from a control rat. Black mossy fiber-like staining is present only in the mossy fiber pathway of area CA3 and the dentate
hilus. B, Timm histochemistry in a section from a rat that had developed status epilepticus and did not receive phenobarbital.
Mossy fiber-like Timm staining is present in the inner third of the dentate molecular layer, where recurrent mossy fibers innervate
granule cell dendrites. C, NPY immunohistochemistry in a section from a control rat. Note the presence of numerous immunore-
active somata in the dentate hilus, terminal immunoreactivity in the outer part of the dentate molecular layer (asterisk), and little
immunoreactivity either in the mossy fibers of area CA3 or in the inner third of the dentate molecular layer. D, NPY immunohis-
tochemistry in a section from a rat that had developed status epilepticus and did not receive phenobarbital. Note the neoexpres-
sion of NPY in the mossy fibers of area CA3b–CA3c, in the hilus, and particularly in the recurrent mossy fibers. Status epilepticus
reduced the number of hilar NPY-immunoreactive somata markedly, and terminal immunoreactivity in the outer part of the
molecular layer (asterisk) was less distinct than in C. C, D, Staining of granule and pyramidal cell bodies resulted from nonspecific
binding of the secondary antibody and does not signify expression of NPY. Scale bar (in D) A–D, 200 �m.
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NPY and BIIE0246 had opposite effects on transmission rate
of the minimal recurrent mossy fiber EPSC
Minimal electrical stimulation in the granule cell body layer ac-
tivated an “all-or-none” synaptic response in the recorded gran-
ule cell (Feng et al., 2003). These responses were evoked only in

granule cells from the status epilepticus group and are attribut-
able to activation of one or a few recurrent mossy fiber synapses.
Minimal stimulation at a frequency of 0.2 Hz evoked a synaptic
response in only 32 � 2% of trials (mean � SEM; n 	 18), a
finding consistent with previous reports (Molnár and Nadler,
1999; Feng et al., 2003; Scharfman et al., 2003). Thus, 68% of
minimal stimuli normally result in response failure when applied
at low frequency.

NPY increased the percentage of response failures by an aver-
age of 23%, whereas BIIE0246 reduced the failure rate by an
average of 20% ( p � 0.01 for both; paired t test) (Fig. 6). These
changes were not accompanied by any significant effect on the
latency, mean peak amplitude, or response kinetics of the mini-
mal EPSC (Table 1), consistent with a presynaptic site of action.

NPY and BIIE0246 had opposite effects on mEPSC frequency
in granule cells from the status epilepticus group
Spontaneous EPSCs were recorded from dentate granule cells in
the presence of bicuculline and TTX at a holding potential of �80

Figure 2. NPY inhibited recurrent mossy fiber synaptic transmission reversibly. A, Record-
ings taken from the experiment illustrated in B are NMDA receptor-mediated compound recur-
rent mossy fiber EPSCs and are the averages of 10 traces. These responses were recorded in the
presence of 10 �M NBQX and 30 �M bicuculline at a holding potential of �20 mV. NPY (1 �M)
reduced the size of the response markedly and reversibly. The arrowheads indicate stimulus
artifacts. Wash, Washout. B, At various times during this representative experiment, a train of
10 stimuli was applied to the mossy fibers at a frequency of 0.1 Hz. Stimuli were presented, and
responses were recorded just before the addition of NPY to the superfusion medium (E), during
exposure to NPY (F), during washout of NPY from the tissue (‚), and during exposure to
D-AP-5 (Œ). For each response, peak amplitude is plotted against the time during the experi-
ment at which it was recorded. C, Mean values � SEM for seven cells to which NPY was applied,
three cells that were washed free of NPY (Wash), and five cells to which D-AP-5 was applied after
complete or nearly complete recovery from the effect of NPY. *p � 0.01 by paired t test with
respect to responses recorded just before exposure to NPY.

Figure 3. NPY (1 �M) inhibited recurrent mossy fiber transmission selectively. A, Recordings
are representative NMDA receptor-mediated compound EPSCs evoked by stimulating the indi-
cated pathway and are the averages of 10 traces. Only responses to mossy fiber (MF) stimulation
were reduced by NPY. The response mostly recovered during washout (Wash) of NPY and was
eliminated by D-AP-5. See Figure 2 A for other details. PP, Perforant path; AC, associational–
commissural pathway. B, Grouped data for the effect of NPY obtained from six (perforant path)
or seven (mossy fiber and associational– commissural) granule cells. Values are means � SEM;
*p � 0.01 by paired t test with respect to responses recorded just before exposure to NPY.
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mV. One would expect spontaneous glutamate release from re-
current mossy fiber synapses to account for many of the mEPSCs
recorded in granule cells from the status epilepticus group, be-
cause these synapses are located close (�130 �m) to the soma

(Molnár and Nadler, 1999). In addition, the conservative criteria
used to identify mEPSCs biased the analysis in favor of events that
originated from the proximal portion of the dendrites. NPY re-
duced the frequency of mEPSCs identified in this manner by an
average of 17% ( p � 0.01; paired t test) (Fig. 7, Table 2).
BIIE0246 applied by itself had the opposite effect; mEPSC fre-
quency increased by an average of 27% ( p � 0.01; paired t test).
Analysis of interevent intervals (Fig. 7) supported the finding of
more frequent mEPSCs in the presence of BIIE0246 ( p � 0.01;
Kolmogorov–Smirnov test). Exposure to NPY revealed a trend
toward longer interevent intervals. This effect did not reach sta-
tistical significance, however, probably because most recurrent
mossy fiber mEPSCs were already suppressed by endogenously
released NPY. Neither compound changed the mean peak ampli-
tude or response kinetics of mEPSCs, whether mean values (Ta-
ble 2) or cumulative probability plots (data not shown) were
analyzed. This result is again consistent with a presynaptic action
of these compounds. In addition, neither NPY nor BIIE0246 al-
tered mEPSC frequency in granule cells from control rats (Fig. 7,
Table 2).

NPY and BIIE0246 had opposite effects on granule cell
epileptiform activity
Whole-cell patch-clamp recordings suggested that both endog-
enously released and applied NPY inhibited glutamate release

Figure 4. A, The Y2 receptor agonist NPY (3–36) (1 �M) replicated the inhibition by NPY of
recurrent mossy fiber synaptic transmission, as assessed from its effect on the peak amplitude of
the NMDA receptor-mediated compound EPSC. Data were obtained from six granule cells ex-
posed to NPY (3–36) and then to D-AP-5 (50 �M) in the continued presence of NPY (3–36). B,
The Y1 receptor antagonist BIBP3226 (BIBP; 1 �M) did not change the peak amplitude of the
NMDA receptor-mediated compound recurrent mossy fiber EPSC significantly when applied by
itself, nor did it prevent inhibition by NPY. Data were obtained from six granule cells exposed to
BIBP3226, then to NPY (1 �M) in the continued presence of BIBP3226, and finally to D-AP-5 (50
�M) in the continued presence of both BIBP3226 and NPY. Values are means � SEM; *p � 0.01
by paired t test with respect to responses recorded just before the application of NPY receptor
ligand.

Figure 5. BIIE0246 (BIIE; 100 nM) essentially blocked the effect of NPY (1 �M) and enhanced
recurrent mossy fiber synaptic transmission when applied by itself. Its effects were restricted to
recurrent mossy fiber synapses. A, Recordings from the experiment shown in B are NMDA
receptor-mediated compound recurrent mossy fiber EPSCs and are the averages of 10 traces.
BIIE0246 increased response amplitude when applied by itself. The addition of NPY to the
superfusion medium in the continued presence of BIIE0246 hardly affected the size of the
response. See Figure 3A for other details. B, During this representative experiment, a hippocam-
pal slice was superfused sequentially with BIIE0246 (F), BIIE0246 plus NPY (Œ), and finally
BIIE0246 plus NPY plus 50 �M D-AP-5 (f). A 0.1 Hz train of 10 stimuli was applied to the mossy
fibers just before the addition of BIIE0246 to the superfusion medium (E) and after complete
equilibration of the slice with each modified superfusion medium. For each response, peak
amplitude is plotted against the time during the experiment at which it was recorded. Note that
in the presence of BIIE0246 alone, the amplitude of the response to the first stimulus in the train
was approximately the same as the amplitude of the succeeding responses. Thus, BIIE0246
enhanced response amplitude in the absence of a prepulse. BIIE0246 also attenuated the effect
of NPY. This experiment was replicated three times with similar results. C, Grouped data
(means � SEM) obtained from seven cells exposed to NPY alone, six cells exposed to BIIE0246
alone, and five cells exposed simultaneously to NPY and BIIE0246. *p � 0.01 by paired t test
with respect to responses recorded just before the application of the test compound(s). D,
BIIE0246 increased the peak amplitude of the NMDA receptor-mediated compound recurrent
mossy fiber (MF) EPSC but not that of similar responses evoked by stimulation of perforant path
(PP) or associational– commissural (AC) fibers. Values are means � SEM for six (mossy fiber),
four (perforant path), or three (associational– commissural) granule cells. *p � 0.01 by paired
t test with respect to responses recorded just before exposure to BIIE0246.

Figure 6. NPY (1 �M) increased and BIIE0246 (100 nM) reduced the percentage of transmis-
sion failures during minimal electrical stimulation of recurrent mossy fibers. Additional data
from these experiments are presented in Table 1. A, Effect of NPY. Top, The 10 consecutive traces
(from a total of 50) shown are from a representative experiment. In this example, only 3 of the
first 10 stimuli presented at a frequency of 0.2 Hz evoked a minimal EPSC (asterisk) before
exposure to NPY. Bath application of NPY reduced the transmission rate to 1 of 10. Bottom,
Grouped data (means � SEM) from 10 granule cells demonstrated a significant increase in the
percentage of response failures. *p � 0.01 by paired t test with respect to recordings made just
before exposure to NPY. B, Effect of BIIE0246. Top, See A for details. In this example, BIIE0246
increased the transmission rate of minimal EPSCs from 3 of 10 to 5 of 10. Bottom, Grouped data
(means � SEM) from eight granule cells demonstrated a significant reduction in the percent-
age of response failures. *p � 0.01 by paired t test with respect to recordings made just before
exposure to BIIE0246 (BIIE).
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from recurrent mossy fiber terminals. Be-
cause recurrent mossy fibers interconnect
dentate granule cells and could potentially
synchronize their firing, we investigated
the effects of NPY and BIIE0246 on gran-
ule cell epileptiform activity in hippocam-
pal slices from the status epilepticus group.
These slices were superfused at 35°C with
medium that contained 30 �M bicuculline
and 6 mM [K�]o. Under these conditions,
mossy fiber stimulation evokes granule
cell epileptiform activity that depends on
the formation of recurrent mossy fiber
connections (Patrylo and Dudek, 1998;
Hardison et al., 2000; Okazaki and Nadler,
2001).

Within 70 min of superfusion with
bicuculline/6 K� medium, stimulation of
the mossy fibers evoked in the granule cell
body layer a biphasic (negative–positive)
slow wave on which multiple population
spikes were superimposed (Fig. 8). In
some experiments, delayed bursts were
also observed. The magnitude of granule
cell epileptiform activity remained rela-
tively stable during the next 24.5 min, if the
superfusion medium was not changed
(Fig. 8E,F). Epileptiform activity was at-
tenuated strongly by the addition of NPY
(1 �M) to the medium, consistent with its
inhibition of recurrent mossy fiber synap-
tic transmission. NPY reduced the magni-
tude of granule cell epileptiform activity by
an average of 69% ( p � 0.025; paired t
test) (Fig. 8A,F). In five of the seven slices,
delayed bursts were present before the ad-
dition of NPY. NPY suppressed the bursts
completely in four instances and reduced
their magnitude dramatically in the other.
This result suggests that the delayed bursts
resulted from polysynaptic activation of re-
current mossy fibers. BIIE0246 (300–500
nM) enhanced epileptiform activity by an av-
erage of 57% when applied by itself (p �
0.05; paired t test) (Fig. 8B,F). It also blocked the action of NPY
completely, whether applied after the effect of NPY had developed
fully (Fig. 8C) or concomitantly with NPY (Fig. 8D,F). In one ex-
periment, the addition of BIIE0246 to the superfusion medium
caused the appearance of delayed bursts, although NPY was also
present (Fig. 8C). Thus, the effects of NPY and BIIE0246 on mossy
fiber-evoked granule cell epileptiform activity closely resembled
their effects on synaptic activity in the recurrent mossy fiber
pathway.

In 13 slices (32%), mossy fiber stimulation failed to evoke
granule cell epileptiform activity during superfusion with bicu-
culline/6 K� medium. In seven of these slices, stimulation of the
perforant path evoked a short-latency negative wave on which
multiple population spikes were superimposed (Fig. 9A). The
negative wave indicated the presence of a current sink close to the
granule cell body layer, consistent with disynaptic activation of
recurrent mossy fibers. Delayed bursts were also observed in
three instances. In contrast to mossy fiber-evoked bursts, short-

Table 1. Neither NPY (1 �M) nor BIIE0246 (100 nM) altered properties of minimal electrically evoked recurrent mossy fiber EPSCs

Latency (ms) Amplitude (pA) 10 –90% rise time (ms) � (ms) Charge transfer (fC)

Before NPY 2.7 � 0.3 17.0 � 1.8 2.9 � 0.8 29.7 � 3.4 285 � 34
Plus NPY 2.8 � 0.4 14.9 � 1.4 3.9 � 1.0 28.2 � 3.7 279 � 39
Before BIIE0246 3.5 � 0.2 14.8 � 3.9 3.2 � 0.6 29.0 � 4.6 299 � 79
Plus BIIE0246 3.5 � 0.2 16.1 � 4.2 3.7 � 0.7 35.4 � 4.6 329 � 82

Properties of averaged minimal EPSCs were determined before and during exposure to the test compound. Values are means � SEM for 10 (NPY) or 8 (BIIE0246) granule cells per group. For all comparisons between test compound and
pretreatment values, p �� 0.05 (paired t test).

Figure 7. NPY (1 �M) reduced and BIIE0246 (100 nM) increased the frequency of mEPSCs in granule cells from the status
epilepticus group but not in granule cells from control rats. The traces shown are from representative experiments. Individual
mEPSCs that met our criterion for analysis are indicated by asterisks. To the right of each set of traces is a cumulative probability
plot for the time interval between identified mEPSCs. E, Just before exposure to the test compound; F, during exposure to the
test compound. Note that BIIE0246 shifted the plot to the left in the experiment from the status epilepticus group, consistent with
a higher mEPSC frequency. NPY produced only a small change in the opposite direction. Neither compound affected the interevent
interval in slices from control rats. Grouped data from these experiments are presented in Table 2.
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latency bursts evoked by perforant path stimulation seldom sta-
bilized within the time frame of our recordings. The number and
size of superimposed population spikes grew continuously. NPY
(1 �M) reduced the magnitude of the short-latency activity in
these seven slices by 37 � 6% (mean � SEM; p � 0.025; paired t
test) and abolished the delayed bursts. In six additional slices,
NPY (3–36) (1 �M) reduced the magnitude of the short-latency
activity by 23 � 7% (mean � SEM; p � 0.025; paired t test). In
contrast, during the 20 –24.5 min period when NPY would nor-
mally have been applied, the magnitude of the evoked burst grew
by 47 � 16% (mean � SEM; n 	 7) if the superfusion medium
was not changed.

In the remaining six slices, perforant path stimulation evoked
a response similar to that recorded in slices from control rats
superfused with bicuculline/6 K� medium: namely, multiple dis-
crete population spikes superimposed on a positively directed
wave (Fig. 9B). This “graded” activity also increased continu-
ously; in 20 –24.5 min, the coastline index increased by 24 � 13%

Table 2. NPY reduced and BIIE0246 increased only the frequency of mEPSCs recorded from dentate granule cells and only in granule cells from the status epilepticus group

Group Frequency (Hz) Amplitude (pA) 10 –90% rise time (ms) � (ms) Charge transfer (fC)

Status epilepticus Before NPY 0.29 � 0.07 12.4 � 0.8 2.9 � 0.3 24.5 � 1.5 163 � 12
Plus NPY 0.24 � 0.07* 12.3 � 1.0 3.2 � 0.3 26.6 � 2.5 183 � 16
Before BIIE0246 0.33 � 0.08 11.6 � 0.3 3.6 � 0.3 22.0 � 2.0 142 � 10
Plus BIIE0246 0.42 � 0.09* 11.3 � 0.3 3.9 � 0.2 21.7 � 1.7 148 � 11

Control Before NPY 0.33 � 0.14 10.6 � 0.3 4.7 � 0.6 27.0 � 2.2 178 � 9
Plus NPY 0.34 � 0.15 10.7 � 0.3 4.5 � 0.6 26.7 � 1.9 181 � 11
Before BIIE0246 0.30 � 0.08 11.1 � 0.3 4.5 � 0.4 28.1 � 1.7 178 � 13
Plus BIIE0246 0.32 � 0.07 11.1 � 0.3 4.7 � 0.3 29.7 � 3.3 189 � 21

The number of mEPSCs recorded during a 3 min period and the properties of averaged mEPSCs were determined before and during exposure to the test compound. Values are means � SEM for eight granule cells per group. *p � 0.01
compared with values obtained just before exposure to the test compound (paired t test). All other comparisons between test compound and pretreatment values yielded p �� 0.05.

Figure 8. NPY (1 �M) reduced and BIIE0246 (300 –500 nM) increased the magnitude of
mossy fiber-evoked granule cell epileptiform activity. A–E, Traces from representative experi-
ments. The top response in each pair was recorded after superfusion for 65.5–70 min with
medium that contained 30 �M bicuculline and 6 mM K �. The lower response was recorded
20 –24.5 min after the addition of the test compound(s) to the superfusion medium. The aster-
isk indicates the stimulus artifact. A, NPY reduced the magnitude of evoked short-latency epi-
leptiform activity and the amplitude of the underlying negative wave. It also abolished the
delayed burst. B, BIIE0246 increased the magnitude of evoked short-latency epileptiform ac-
tivity and the amplitude of the underlying negative wave. C, The addition of BIIE0246 to the
superfusion medium not only reversed the effect of previously applied NPY but also enhanced
evoked short-latency epileptiform activity compared with pretreatment recordings and caused
the appearance of delayed bursts. D, BIIE0246 increased the magnitude of evoked short-latency
epileptiform activity despite coapplication of NPY. E, Simply continuing superfusion with bicu-
culline/6 K� medium for 20 –24.5 min did not consistently change either the evoked short-
latency epileptiform activity or the number and amplitude of any delayed bursts. F, Grouped
data from seven (control and NPY), five [BIIE0246 (BIIE)], or eight (NPY plus BIIE0246 applied
simultaneously) hippocampal slices. Control, Continued superfusion without the addition of
test compound. Values are means � SEM; *p � 0.05; **p � 0.025 by paired t test with respect
to recordings made just before exposure to the test compound(s).

Figure 9. NPY (1 �M) reduced the magnitude of perforant path-evoked granule cell epilep-
tiform activity only when there was evidence of a disynaptically activated recurrent mossy fiber
component. The top response in each pair was recorded after superfusion for 65.5–70 min with
medium that contained 30 �M bicuculline and 6 mM K�. The bottom response was recorded
20 –24.5 min after the addition of NPY to the superfusion medium. A, Perforant path stimula-
tion evoked a negatively directed wave on which multiple population spikes were superim-
posed, followed by delayed bursts. The negative wave suggests the activation of recurrent
mossy fiber synapses, which are located close to the granule cell body layer. NPY reduced the
magnitude of evoked short-latency epileptiform activity and the amplitude of the underlying
negative wave. It also abolished the delayed bursts. B, In a hippocampal slice from a different
rat, perforant path stimulation evoked a positively directed wave on which multiple population
spikes were superimposed. Similar responses were obtained in hippocampal slices from un-
treated rats, which have only a rudimentary recurrent mossy fiber pathway. NPY had no con-
sistent effect on responses of this type.
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(mean � SEM; n 	 8) during superfusion with unmodified bicu-
culline/6 K� medium. The coastline index increased by 17 � 6%
(mean � SEM) during exposure to NPY for this period of time,
just slightly less than in the absence of NPY. Similar results were
obtained with NPY (3–36) in two additional slices. Thus, NPY
little affected a type of hyperexcitable perforant path response
that can be evoked in the absence of recurrent mossy fiber
growth.

Discussion
Our results demonstrate that NPY inhibits transmission at recur-
rent mossy fiber synapses of epileptic brain and reduces their
ability to synchronize granule cell discharge. NPY acts primarily
through Y2 receptors and has no such effect at synapses on den-
tate granule cells made by other excitatory pathways. No postsyn-
aptic effect was evident under the present recording conditions.
Thus, NPY and Y2 receptor ligands may be used as tools to dis-
tinguish effects of recurrent mossy fiber sprouting from those of
other changes that take place in this region during epileptogen-
esis. Importantly, the Y2 receptor antagonist BIIE0246 enhanced
recurrent mossy fiber transmission, as well as granule cell epilep-
tiform discharge evoked by mossy fiber stimulation, when ap-
plied by itself. BIIE0246 increased the amplitude of the com-
pound NMDA receptor-mediated recurrent mossy fiber EPSC
and the transmission rate of minimal electrically evoked EPSCs in
the absence of a prepulse. It also increased the frequency of mEP-
SCs. These findings imply that even spontaneous release of NPY
(or an active metabolite of NPY) from the recurrent mossy fiber
pathway is sufficient to regulate synaptic transmission.

Selectivity and mechanism of NPY
NPY inhibited transmission at recurrent mossy fiber synapses but
not at other excitatory synapses on dentate granule cells. This
finding is consistent with a previous report that NPY inhibits
transmission at mossy fiber synapses on CA3 pyramidal cells but
not at perforant path synapses on dentate granule cells (Klapstein
and Colmers, 1993). Thus, some glutamate inputs are sensitive to
NPY, whereas others are not. However, NPY inhibited granule
cell responses to perforant path stimulation in hippocampal
slices from human tissue resected for medically intractable tem-
poral lobe epilepsy (Patrylo et al., 1999a). It was possible that
perforant path fibers express some NPY receptors in epileptic
brain but not in normal brain. Our results suggest that this is not
necessarily the case, at least in the rat. The depression of perforant
path-evoked responses in human material may reflect a species
difference in receptor expression. Alternatively, stimuli used in
the human studies may have activated the recurrent mossy fiber
pathway disynaptically, and it may have been this component of
the response that was reduced by NPY. Our results support the
latter hypothesis. Stimulation of the perforant path in most of the
disinhibited hippocampal slices from the status epilepticus group
evoked a negative wave on which multiple population spikes were
superimposed (Patrylo et al., 1999b). Epileptiform responses of
this type are observed only in the presence of recurrent mossy
fiber growth, and they were attenuated by NPY. Conversely, the
graded responses evoked by perforant path stimulation in other
slices, which can also be evoked in slices from control rats, were
unaffected. We therefore suggest that in the human studies, NPY
reduced a polysynaptic component of the perforant path-evoked
response that involved the activation of recurrent mossy fiber
synapses.

Our results suggest that NPY inhibited recurrent mossy fiber
synaptic transmission predominantly by activating presynaptic

Y2 receptors. NPY (3–36) replicated its action, and BIIE0246
blocked it. Y2 receptors also mediate the NPY-induced inhibition
of Schaffer collateral– commissural synaptic transmission onto
CA1 pyramidal cells in the rat (Colmers et al., 1991; Greber et al.,
1994; Weiser et al., 2000; El Bahh et al., 2002). However, Guo et al.
(2002) reported that Y5 receptors mediate the NPY-induced in-
hibition of responses to mossy fiber stimulation in the mouse.
This discrepancy may be explained by a difference in receptor
expression/function between rat and mouse, between epileptic
and normal brain, or between mossy fiber synapses on granule
cells and pyramidal cells. It should be noted that our results do
not exclude some participation of Y5 receptors in the action of
NPY on recurrent mossy fiber synapses.

Previous studies indicated that NPY inhibits synaptic trans-
mission by a presynaptic mechanism (Colmers et al., 1987, 1988;
Klapstein and Colmers, 1993; Greber et al., 1994; McQuiston and
Colmers, 1996; Qian et al., 1997; Sun et al., 2001). Our results are
entirely consistent with this view. NPY reduced the transmission
rate of minimal electrically evoked recurrent mossy fiber EPSCs
and the frequency of mEPSCs in dentate granule cells without
affecting response amplitude or kinetics significantly. It did not
affect mEPSC frequency in granule cells from control rats, nor
did it change membrane current or resistance in granule cells
from either the status epilepticus or control groups. The mecha-
nism by which NPY inhibits transmitter release appears to differ
in different pathways. NPY depresses transmission at Schaffer
collateral– commissural synapses on CA1 pyramidal cells, at least
in part by inactivation of voltage-dependent Ca 2� channels
(Qian et al., 1997). Similarly, the ability of NPY to reduce the
frequency of spontaneous (�TTX), but not of miniature
(�TTX), EPSCs in CA3 pyramidal cells (McQuiston and
Colmers, 1996; Guo et al., 2002) is consistent with Ca 2� channel
inactivation. Conversely, NPY reduces mEPSC frequency in neu-
rons of the suprachiasmatic nucleus (van den Pol et al., 1996) and
hypothalamus (Fu et al., 2004), as it did in dentate granule cells
from the status epilepticus group. Evidently, NPY can inhibit
either action potential-dependent or action potential-
independent glutamate release. In recurrent mossy fibers, NPY
appears to act on a process that is either downstream of or inde-
pendent of Ca 2� influx. An additional action on Ca 2� channels is
not excluded, however.

Tonic inhibition of recurrent mossy fiber transmission
Our conclusion that spontaneous release of endogenous NPY (or
an active metabolite) inhibits recurrent mossy fiber transmission
relies on the specificity of BIIE0246. Previous studies suggested
that BIIE0246 is a highly specific antagonist. It had no action on
NPY receptors other than Y2 nor on receptors for many other
substances (Doods et al., 1999; Dumont et al., 2000). It blocked
the inhibitory effect of NPY at Schaffer collateral– commissural
synapses while having no effect, either presynaptic or postsynap-
tic, when applied by itself (El Bahh et al., 2002). There was no
indication of inverse agonist activity. The present study is consis-
tent with high specificity for BIIE0246 on the Y2 receptor. The
action of this compound was selective for responses evoked by
mossy fiber stimulation and for mEPSCs in granule cells from
rats with a recurrent mossy fiber pathway. It did not change
membrane current or resistance in the absence of mossy fiber
stimulation, and no effects were observed in hippocampal slices
from control rats. Thus, actions of BIIE0246 used alone reveal
effects of endogenous NPY on Y2 receptors.

In neurons that normally release NPY, the peptide is released
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in significant amounts only during high-frequency activity
(Kennedy et al., 1997; Sun et al., 2003). Our results suggest a
different relationship between presynaptic activity and release of
NPY in mossy fibers. In this location, spontaneous or tonic re-
lease appears sufficient to disrupt synaptic transmission. Re-
cently, Fu et al. (2004) reported an inhibitory postsynaptic effect
of spontaneous NPY release in the hypothalamus. These effects
might occur through spontaneous vesicle fusion or a nonexocy-
totic leak of neuropeptide from terminals. The latter possibility is
in accord with findings of McCarthy et al. (1998) on NPY ex-
pressed in mossy fibers after a pentylenetetrazole-induced sei-
zure. They reported that NPY was present mainly in its oxidized
form. Methionine sulfoxide NPY was released from mossy fiber
synaptosomes by a Ca 2�-independent process and bound to Y2

receptors with about one-sixth the affinity of native NPY. Thus,
tonic nonexocytotic efflux of this metabolite may account, at least
in part, for the depression of glutamate release we observed
through feedback activation of presynaptic Y2 receptors. Addi-
tional studies are needed to test this hypothesis as well as to de-
termine whether evoked release of native NPY enhances the in-
hibitory effect.

Implications for temporal lobe epilepsy
The ability of recurrent mossy fibers to synchronize granule cell
discharge is limited by a low probability of glutamate release
(Molnár and Nadler, 1999; Feng et al., 2003; Scharfman et al.,
2003). Our results suggest that tonic release of NPY or an active
metabolite explains this low release probability, at least in part.
Blocking this type of presynaptic inhibition with BIIE0246 en-
hanced granule cell epileptiform activity driven by the recurrent
mossy fiber pathway. Thus, de novo expression of NPY in the
mossy fiber pathway may protect the hippocampus from seizures
that originate in or involve the entorhinal cortex. Because NPY is
expressed throughout the mossy fiber pathway, it seems likely
that its release and/or that of its active metabolite would inhibit
transmission at all mossy fiber synapses, including those on CA3
pyramidal cells and inhibitory interneurons. The net effect of
these actions could be quite complex and requires further study.
However, one would expect global depression of mossy fiber syn-
apses to disrupt hippocampal function. With respect to the re-
current branch of the mossy fiber pathway, tonic feedback inhi-
bition of glutamate release by NPY effectively restrains its activity
under basal conditions. It is only when the pathway is driven at
moderate frequencies (1–2 Hz) (Feng et al., 2003) and/or when
[K�]o is increased modestly (Hardison et al., 2000) that synaptic
facilitation overcomes this inhibitory influence and allows rever-
berating excitation to emerge.

The anticonvulsant/antiepileptogenic properties of NPY have
drawn considerable interest (Vezzani et al., 1999b; Colmers and
El Bahh, 2003; Vezzani and Sperk, 2004). Importantly, the same
changes in NPY receptors observed in rat models of epilepsy have
been reported in hippocampi surgically resected for medically
intractable temporal lobe epilepsy (Furtinger et al., 2001). Immu-
nohistochemical studies have not detected in human material the
robust expression of mossy fiber NPY reported in animal models.
However, there is an increased density of NPY-immunoreactive fi-
bers in the terminal lamina of the recurrent mossy fiber projection
(de Lanerolle et al., 1989; Mathern et al., 1995; Furtinger et al., 2001).
It has not been determined whether this finding signifies expression
of NPY by some recurrent mossy fibers or the growth of NPY-
immunoreactive interneuron processes. In either case, the recurrent
mossy fiber pathway would be expected to synchronize granule cell

discharge more effectively in epileptic human brain than in the rat,
because of its lower expression of NPY.
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