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Neurobiology of Disease

Prevention of Plasticity of Endocannabinoid Signaling
Inhibits Persistent Limbic Hyperexcitability Caused by
Developmental Seizures

Kang Chen,' Axel Neu,' Allyson L. Howard,! Csaba Foldy,! Julio Echegoyen,! Lutz Hilgenberg,' Martin Smith,’
Ken Mackie,? and Ivan Soltesz!

'Department of Anatomy and Neurobiology, University of California, Irvine, California 92697, and 2Department of Anesthesiology, University of
Washington, Seattle, Washington 98195

Depolarization-induced suppression of inhibition (DSI) is an endocannabinoid-mediated short-term plasticity mechanism that couples
postsynaptic Ca>™ rises to decreased presynaptic GABA release. Whether the gain of this retrograde synaptic mechanism is subject to
long-term modulation by glutamatergic excitatory inputs is not known. Here, we demonstrate that activity-dependent long-term DSI
potentiation takes place in hippocampal slices after tetanic stimulation of Schaffer collateral synapses. This activity-dependent, long-
term plasticity of endocannabinoid signaling was specific to GABAergic synapses, as it occurred without increases in the depolarization-
induced suppression of excitation. Induction of tetanus-induced DSI potentiation in vitro required a complex pathway involving AMPA/
kainate and metabotropic glutamate receptor as well as CB1 receptor activation. Because DSI potentiation has been suggested to play a
role in persistent limbic hyperexcitability after prolonged seizures in the developing brain, we used these mechanistic insights into
activity-dependent DSI potentiation to test whether interference with the induction of DSI potentiation prevents seizure-induced long-
term hyperexcitability. The results showed that the in vitro, tetanus-induced DSI potentiation was occluded by previous in vivo fever-
induced (febrile) seizures, indicating a common pathway. Accordingly, application of CB1 receptor antagonists during febrile seizures in
vivo blocked the seizure-induced persistent DSI potentiation, abolished the seizure-induced upregulation of CB1 receptors, and pre-
vented the emergence of long-term limbic hyperexcitability. These results reveal a new form of activity-dependent, long-term plasticity of
endocannabinoid signaling at perisomatic GABAergic synapses, and demonstrate that blocking the induction of this plasticity abolishes

the long-term effects of prolonged febrile seizures in the developing brain.
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Introduction

Febrile seizures are the most common form of childhood sei-
zures, affecting 3-5% of infants (Shinnar and Glauser, 2002).
Systematic prospective experimental studies found that pro-
longed (>15 min) febrile seizures in the developing rat brain
persistently increased hippocampal excitability (Baram et al.,
1997; Chen et al., 1999; Dube et al., 2000, 2006), in general agree-
ment with a potential clinical association of prolonged, complex
febrile seizures with temporal lobe epilepsy (Annegers et al., 1987;
Cendes et al., 1993; French et al., 1993; Hesdorffer and Hauser,
2002). Therefore, uncovering the mechanisms that link pro-
longed febrile seizures to long-term decreases in seizure thresh-
old remains an important task (Schuchmann et al., 2006).
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After experimental febrile seizures, there is an enhancement of
hippocampal GABA release without significant changes in excitatory
transmission (Chen et al., 1999) or cell loss (Toth et al., 1998; Bender
et al., 2003), but seizure threshold is decreased (Dube et al., 2000).
Recently, a solution to this paradox has been suggested involving the
long-lasting potentiation of depolarization-induced suppression of
inhibition (DSI) by experimental febrile seizures (Chen et al., 2003).
DSl is a form of short-term plasticity (Llano et al., 1991; Pitler and
Alger, 1992) mediated by CB1 receptors (Kreitzer and Regehr, 2001;
Ohno-Shosaku et al., 2001; Wilson et al., 2001; Wilson and Nicoll,
2001), the most numerous G-protein-coupled receptors in the brain
(Herkenham et al., 1990; Matsuda et al., 1990). Postsynaptic depo-
larization and subsequent Ca*" rise triggers local endocannabinoid
production, resulting in inhibition of GABA release from CB1-
containing terminals. After febrile seizures, DSI amplitude and the
number of presynaptic CBI1 receptors are increased (Chen et al.,
2003). DSI can occur after seizure-like discharges in pyramidal cells
(Beau and Alger, 1998), and long-term increase in DS is expected to
facilitate seizures (Chen et al., 2003). Persistent DSI potentiation by
febrile seizures is selective, because endocannabinoid-mediated,
depolarization-induced suppression of excitation (DSE) (Ohno-
Shosaku et al., 2002) remains unaffected (Chen et al., 2003).
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The cannabinoid system is linked to epilepsy by additional
evidence. High-frequency stimulation in slices or kainate-
induced seizures in vivo leads to endocannabinoid production
and release (Stella et al., 1997; Marsicano et al., 2003; Wetts-
chureck et al., 2006), and CB1 receptors are upregulated after
pilocarpine-induced status epilepticus (Wallace et al., 2003). Ex-
ogenously applied cannabinoid agonists are acutely anticonvul-
sant (Corcoran et al., 1973; Chesher and Jackson, 1974; Karler et
al., 1974; Wada et al., 1975; Consroe and Wolkin, 1977; Chiu et
al., 1979; Wallace et al., 2001, 2002; Shafaroodi et al., 2004; Blair
et al., 2006), whereas cannabinoid antagonists are acutely pro-
convulsant (Wallace et al., 2002; Marsicano et al., 2003; Bernard
et al., 2005). Therefore, endocannabinoid signaling significantly
modulates seizures acutely (Monory et al., 2006) and, conversely,
seizures persistently alter the endocannabinoid system.

Here, we show that induction of DSI potentiation is activity-
dependent and requires CB1 receptors. When febrile seizures
take place in the presence of CB1 antagonists, long-term en-
hancement of hippocampal excitability does not develop, indi-
cating that the endocannabinoid system is a potential new target
to prevent limbic hyperexcitability after prolonged developmen-
tal seizures.

Materials and Methods

Slice preparation. Horizontal brain slices (450 wm; for paired recordings,
350 um) were prepared as described previously (Chen et al., 1999, 2001;
Foldy et al., 2006) from 16- to 18-d-old control or experimental litter-
mate Sprague Dawley rats (Zivic-Miller, Zelienople, PA) 1 week after
seizure induction. The animals were anesthetized with halothane, decap-
itated, and their brains were removed. The slices were incubated at 32°C
in oxygenated (95% O,/5% CO,) artificial CSF [ACSF; containing the
following (in mm): 126 NaCl, 2.5 KCl, 26 NaHCO,, 2 CaCl,, 1.25
NaH,PO,, and 10 glucose] in a holding chamber for at least 1 h before
stimulating or recording. For visualized recordings, slices were sectioned
and incubated in oxygenated, sucrose-containing ACSF [containing the
following (in mm): 85 NaCl, 75 sucrose, 2.5 KCl, 25 glucose, 1.25
NaH,PO,, 4 MgCl,, 0.5 CaCl,, and 24 NaHCO,] for 1 h and then trans-
ferred to regular ACSF.

Hippocampal-entorhinal combined slices (Rafiq et al., 1995; Dube et
al., 2000) were sectioned (450 wm) in cooled, oxygenated high-sucrose
ACSF [containing the following (in mm): 200 sucrose, 3 KCl, 1.25 m
NaH,PO,, 26 NaHCOj, 10 glucose, 0.9 MgCl,, and 2 CaCl,] along a 12°
inclined transverse plane. Slices were then incubated at 32°C in an oxy-
genated low-Mg>" ACSF [containing the following (in mm): 130 NaCl, 3
KCl, 26 NaHCO;, 2 CaCl,, 0.5 MgCl,, 1.25 NaH,PO,, and 10 mm glu-
cose] for at least 1 h.

Electrophysiology. For blind whole-cell recordings, individual slices
were transferred to an interface-type recording chamber perfused with
oxygenated ACSF at 35°C, which, depending on the experiment, con-
tained some of the following drugs: 10 um D-2-amino-5phosphovaleric
acid (APV), 10 pum  1,2,3,4-tetrahydro-6-nitro-2,3-dioxo-benzo
[f]quinoxaline-7-sulfonamide (NBQX), 5 uMm 6-cyano-7-nitroquin-
oxaline-2,3-dione (CNQX), 200 um LY341495, 10 uMm bicuculline
methochloride, or 1 um SR141716A (SR). Tetanic stimulation (5 trains of
1 or 10 s stimuli at 100 Hz, with a stimulus width of 20 us, and intensity
of 2 mA, delivered at 30 s intervals) was applied through a bipolar 90 um
tungsten electrode placed in the stratum radiatum at the CA1-CA3 bor-
der. Sham control slices were handled the same way, but the stimulating
current was not delivered. The slices were returned to the incubating
chamber for washing in control ACSF, and kept for a minimum of 1 h
before recording. Recordings were obtained using an Axopatch 200A
amplifier (Molecular Devices, Union City, CA). Spontaneous IPSCs
(sIPSCs) were recorded in ACSF containing APV, NBQX (or in some
experiments, CNQX), and 5 um carbachol. To evoke EPSCs or periso-
matic IPSCs (latency, <3.1 ms), constant-current stimuli (20 us) were
applied through the tungsten electrode. The placement and distance of
the recording and stimulating electrodes were kept constant as described
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previously (Chen et al., 1999). The recorded cells were from the middle
third of the CAl region (i.e., about half-way between the CA3 and the
subiculum). Pipette solutions for DSI experiments consisted of the fol-
lowing (in mm): 140 CsCl, 2 MgCl,, 10 HEPES, 3 QX314, 0.2 EGTA, 1
MgATP, and 0.2 Na,GTP (for eIPSCs, no EGTA, ATP, or GTP was
included in the pipette; for DSE, CsCl was replaced with K gluconate).
Note that these pipette solutions were identical to those used previously
to obtain data on the effects of febrile seizures on endocannabinoid sig-
naling (Chen et al., 2003). The depolarizing pulse used to evoke DSI was
a 100 or 500 ms step to 0 mV from a holding potential of —60 mV. For
eEPSCs, recordings were in ACSF containing bicuculline, and DSE was
induced by a depolarizing step of 10 s duration.

For extracellular recordings in hippocampal-entorhinal combined
slices (Rafiq et al., 1995; Dube et al., 2000) performed in low—Mg2+
ACSF, recording pipettes were filled with normal ACSF and placed in the
CA1 pyramidal cell layer, and the tungsten stimulating electrode was
positioned in the CA1 stratum radiatum. The stimulation protocol con-
sisted of a 2 s, 60 Hz train of stimuli, and stimulus intensities were
adjusted to four times the minimal intensity required to evoke a popula-
tion spike of 0.5 mV in amplitude, usually 3 to 4 mA. Six stimulating
trains with a 10 min interval were applied to each slice, unless sustained
epileptiform activity developed. Recording was terminated if sustained
seizure-like activity lasted for >35 min. After the recording of the re-
sponses to the stimulating trains, the recording pipette was placed at four
additional recording sites in CA1, to ascertain the network-wide nature
of the recorded population activity. Duration of epileptiform discharges
was determined by considering episodes with repetitive spikes, with am-
plitudes >2 times the background and frequency >1 Hz, lasting for >3
s (Dube et al., 2000).

For visualized paired whole-cell recordings, slices were transferred to a
submerged-type recording chamber perfused with oxygenated ACSF at
33°C. Slices were visualized with an upright microscope (BX-50; Olym-
pus, Tokyo, Japan) with infrared differential interference contrast optics.
Whole-cell recordings were obtained from interneurons with patch pi-
pettes (3—5 M()) filled with internal solution containing the following (in
mM): 126 K-gluconate, 4 KCl, 10 HEPES, 4 MgATP, 0.3 Na,GTP, 10
phosphocreatine, and 0.2% biocytin, pH 7.2, 270-290 mOsm. The in-
terneurons were all DSI-sensitive [hence CB1 receptor expressing, cho-
lecystokinin (CCK) positive] interneurons that evoked fast unitary IPSCs
(Foldy et al., 2006). Pyramidal cells were recorded with internal solution
containing the following (in mwm): 40 KCI, 90 K-gluconate, 1.8 NaCl, 1.7
MgCl,, 3.5 KCl, 0.05 EGTA, 10 HEPES, 2 Mg-ATP, 0.4 Na,-GTP, and 10
phosphocreatine, pH 7.2, 270-290mOsm. DSI was elicited with a 500 ms
depolarizing pulse to 0 mV from a holding potential of —70 mV. Record-
ings were made using MultiClamp 700A and MultiClamp 700B amplifi-
ers (Molecular Devices). Immunoreactivity for CCK and parvalbumin
was determined as described by Foldy et al. (2006). For CCK, we used a
mouse monoclonal antibody [mAb 9303; diluted 1:1000; generously pro-
vided by the Antibody/Radioimmunoassay Core of the CURE/Digestive
Diseases Research Center (University of California, Los Angeles, Los
Angeles, CA), and National Institutes of Health Grant DK41301]. For
parvalbumin, a rabbit polyclonal antibody (PV-28; Swant, Bellinzona,
Switzlerland) was used. For further details, see Foldy et al. (2006).

All drugs were obtained from Tocris, (Ellisville, MO) except for car-
bachol, which was obtained from Sigma (St. Louis, MO), and
SR141716A, which was obtained from the National Institute of Mental
Health Chemical Synthesis Program at either SRI International
(Palo Alto, CA) or Research Triangle Institute (Research Triangle Park, NC).

Hyperthermia-induced experimental febrile seizures. The hyperthermia-
induced experimental prolonged febrile seizure paradigm has been de-
scribed previously (Baram et al.,, 1997; Dube et al., 2000). Briefly, on
postnatal day 10 (P10), the core temperature of pups was raised using a
regulated stream of moderately heated air. Rectal temperatures were
measured at baseline, at 2 min intervals, and at the onset of hyperthermic
seizures, which occur in virtually all rats. Hyperthermia (defined as core
temperature >39.5°C) was maintained for 30 min, aiming for a core
temperature of 41-42°C, and the presence and duration of seizures for
each pup were noted at 2 min intervals. The number of seizure sessions
was defined as the number of 2 min intervals in which the rat was seizing.
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After the hyperthermia period, rats were placed on a cool surface, mon-
itored for 15 min, and then returned to home cages. For the animals that
received an injection of the CB1 receptor antagonist SR141716A system-
ically, SR141716A was first dissolved in alcohol and then normal saline
was added (alcohol to saline ratio, 1:20). The total volume injected intra-
peritoneally to each pup was 70 ul. The composition and volume of the
control vehicle solution were the same as in the case of the SR141716A-
containing solution, but no SR141716A was added. The injection was
administered 1 h before hyperthermia was performed (SR141716A dose
was 10 mg/kg or 1 mg/kg, as specified in the text).

Western blots. Hippocampi from either controls or animals with
hypothermia-induced seizures (HT), which had been preinjected with
either SR or vehicle, were prepared for Western blots as described previ-
ously (Chen et al., 2003). Briefly, hippocampi were homogenized in five-
fold (volume/weight) excess buffer containing 25 mm HEPES, 10 mm
EDTA, 6 mm MgCl, 100 um PMSF, 10 um leupeptin, 100 um benzami-
dine, and 10 uMm aprotenin, pH 7.4. Homogenates were centrifuged for 5
min at 1000 X g, the supernatants saved, and the pellets were rehomog-
enized in buffer and centrifuged as above. The protein concentrations of
the combined supernatants were determined using a Bio-Rad (Hercules,
CA) assay. Protein (75 ug) from each animal were separated by SDS-
PAGE and transferred to nitrocellulose. Western blot analysis was per-
formed blind with respect to experimental treatment using an antibody
raised against the last 15 amino acids of rat CBI receptor fused to gluta-
thione S-transferase (CB1 L15; 1:250). The antibody was purified and
specificity verified as described previously (Bodor et al., 2005). The top
portion of the blot containing the higher molecular weight proteins was
probed with antibodies (Sigma) to neurofilament polypeptides with ap-
parent molecular weight of 160 kDa and 200 kDa. The CB1 band density
was normalized to the neurofilament band density to control for small
variations in protein loading. Immunoreactivity was visualized using
HRP-conjugated secondary antibodies and DAB/Ni*™ staining (Vector
Laboratories, Burlingame, CA). The intensities of the immunoreactive
bands were quantified using NIH Image software (http://rsb.info.
nih.gov/nih-image/).

EEG recordings. For implantation of hippocampal depth electrodes
(single twisted-wire electrode; Plastics One, Roanoke, VA) rats were
anesthetized with ketamine/xylazine and placed in a stereotaxic frame.
The scalp was incised, and a small hole was drilled into the right parietal
bone. The electrode was placed into the brain stereotaxically and fixed in
place with cyanoacrylate adhesive, steel screws, and dental cement. The
wound was closed around the electrode with sutures and the animals
were placed on a heating pad for recovery and returned to their cage after
awakening. For adult rats (6 weeks after HT), the coordinates of the
electrodes were as follows: anteroposterior (AP), 3.3 mm from bregma,
lateral (L), 2.2 mm; ventral (V), 3.0 mm. For juvenile rats (P8), the
coordinates were as follows: AP, 2.0 mm from bregma; L, 2.0 mm; V, 2.5
mm vertical. Implantation was performed 2 to 3 d before EEG recording.
Electrode position was subsequently verified from histology. On the day
of the recording, animals were placed into the recording chamber and the
implanted electrodes were attached to a flexible cable. The signal was
amplified at a gain of 1000 on a Brownlee Precision (Santa Clara, CA)
210A amplifier. Baseline EEG activity was recorded for 10 min, and then
a single dose of kainate (5 mg/kg, dissolved in saline to 5 mg/ml) was
given intraperitoneally. EEGs were then recorded for 60 min continu-
ously. The criteria for an EEG seizure were the following: (1) the presence
of repetitive spike and sharp-wave discharges, with a frequency >1 Hz,
(2) amplitude of activity >2 times baseline activity, and (3) a duration of
>5s. A seizure was considered to terminate when this activity stopped
for >3s.

Data analysis. Recordings were filtered at 4 or 5 kHz using a Bessel
filter and digitized at 10 kHz with a Digidata 1322A analog—digital inter-
face (Molecular Devices). Statistical analyses were performed with Sig-
maPlot or SPSS software (SPSS, Chicago, IL) using a ¢ test (for data
containing two groups) or an f test (for more than two groups), or the
nonparametric Kruskal-Wallis test (for the hippocampal—entorhinal
cortex combined slice data) with a level of significance of p < 0.05. Data
are presented as mean * SEM, and # is the number of recorded cells,
slices, or animals.
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Results

Strategy for the prevention of the long-term consequences of
febrile seizures through modulating plasticity of
endocannabinoid signaling

How do hyperthermia-induced experimental febrile seizures
(HTs) lead to persistent potentiation of endocannabinoid signal-
ing at perisomatic GABAergic synapses in the hippocampus
(Chen et al., 2003), and does prevention of DSI potentiation
block the HT-induced long-term enhancement of limbic net-
work excitability (Dube et al., 2000)? To answer these important
questions, a multistep strategy was implemented. First, to cir-
cumvent difficulties associated with in vivo testing of drug effects
during HT induction, we identified an in vitro paradigm of DSI
potentiation. Second, using blockers for various neurotransmit-
ters and neuromodulators in the in vitro paradigm, we delineated
key steps involved in the induction of DSI potentiation. Third, we
determined that the receptor blockers that were effective in the in
vitro paradigm prevented the in vivo, HT-induced DSI potentia-
tion. Finally, we showed that approaches effective at blocking DSI
potentiation also prevented the long-term enhancement of lim-
bic network hyperexcitability after HT in vivo.

Increased neuronal activity results in potentiation of DSI in
control slices

We reasoned that if in vivo febrile seizures enhance DSI in CA1
pyramidal cells through increased neuronal activity alone, then elec-
trical stimulation of afferent fibers in acute in vitro slices may be able
to enhance DSI. However, such an effect has not been described
previously. In fact, there is evidence that certain stimulation para-
digms can depress inhibitory transmission from specific populations
of CB1-expressing fibers [resulting in inhibitory long-term depres-
sion (iLTD)] (Chevaleyre and Castillo, 2003, 2004). Therefore, we
tested whether increased neuronal activity in hippocampal slices re-
sults in potentiation of DSI in CA1 pyramidal cells.

Tetanic stimulation (5X 10 s at 100 Hz) in the CA1 stratum
radiatum layer in acute hippocampal slices from control animals
that did not experience previous febrile seizures resulted in a
significant potentiation of DSI (Fig. 1 A, B) (age, P18; tetanization
was performed in control ACSF, followed by at least 1 h incuba-
tion in control ACSF before DSI was measured). Specifically,
compared with sham-stimulated controls, tetanic stimulation
significantly increased the peak amplitude of DSI of sIPSCs (re-
corded in the presence of the ionotropic glutamate receptor
blockers 5 um CNQX, 10 um APV, and the muscarinic agonist 5
uM carbachol to enhance sIPSC frequency) (Martin et al., 2001;
Kim et al., 2002) (Fig. 1A, B,D, left pair of bar graphs) [DSI am-
plitude, expressed as percent decrease in sIPSC charge transfer
after the depolarizing pulse, with respect to the prepulse control
period, in cells from sham-stimulated slices (“sham-tet”), 18.9 =
4.0%, n = 11 cells; DSI in cells from tetanically stimulated slices
(“tetanus”), 37.8 * 4.2%, n = 10].

In addition to enhancing the peak DSI, tetanization also sig-
nificantly prolonged the duration of DSI (Fig. 1 A, B) (DSI single
exponential decay time constants in cells from sham-tetanized
slices, Tyecay = 2.06 = 0.32 s5; tetanized, Tyecyy = 9.19 * 2.17 5).
Therefore, tetanization of afferents in acute slices from control
animals was able to reproduce the two major, characteristic
changes in DSI that were reported to take place after in vivo febrile
seizures, namely, the significant potentiation of DSI peak ampli-
tude and the prolongation of DSI decay.

In vitro, tetanus-induced DSI potentiation was long-lasting,
persisting as long as slices could be kept viable (up to 5 h), and the
DSI potentiation was evident in virtually all CA1 pyramidal cells.
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ionotropic glutamate receptor blockers (see Materials and Methods). Recordings were made at least 1 h after sham stimulation
(sham-tet) or tetanus (tetanus). In this and following figures, asterisks indicate significant differences (p << 0.05).

The potentiated DSI after the tetanization, similar to DSI in sham-
stimulated control slices, could be abolished with 1 uM of the CB1
antagonist SR141716A [rimonabant (Rinaldi-Carmona et al,
1994)] (Fig. 1C) (DSI in the presence of SR141716A, in cells from
sham-stimulated slices, 4.5 & 5.0%, n = 5; in tetanized slices,
—0.4 = 7.9%, n = 5), indicating that the potentiated DSI is mediated
by CBI receptors. Furthermore, the DSI potentiation took place
without significant changes in the baseline sIPSC charge transfer
(measured before the depolarizing steps used to evoke DSI; cells
from sham-stimulated slices, 64.7 = 6.9 pA*ms; in tetanized slices,
63.8 = 6.1 pA*ms). To our knowledge, this is the first demonstration
of DSI potentiation induced by increased neuronal activity in vitro.

and 5 uM carbachol). As in the previous
experiments, the stronger (5X 10 s at
100 Hz) tetanus caused a significant po-
tentiation of DSI (Fig. 1 E) (DSI in cells from sham-stimulated
slices, 29.0 * 3.8%, n = 11; from tetanized slices, 44.7 * 3.4%,
n = 11). In contrast, a weaker (5X 1 s at 100 Hz) tetanus did
not result in increased DSI (Fig. 1 E) (DSI in cells from sham-
stimulated slices, 29.5 = 4.9%, n = 10; in tetanized slices,
27.9 = 4.6%, n = 10). Therefore, DSI potentiation requires
strongly enhanced inputs, such as those that may take place
with seizure-like network hyperactivity.

Robustness of tetanus-induced DSI potentiation
The similarity of the effects on DSI amplitude and duration after
tetanization of afferent fibers in vitro and HT in vivo suggested
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that the activity-induced potentiation of
DSl is a robust phenomenon that may take
place under a variety of experimental con-
ditions. Therefore, additional experiments
were performed to test the robustness of
DSI potentiation. Tetanic stimulation,
similar to its enhancement of the DSI of
sIPSCs, also increased the DSI of multifi-
ber, electrical stimulation evoked IPSCs
(eIPSCs) (Fig. 2A,B) (DSI in cells from
sham-tetanized slices, 15.1 = 2.3%, n =
11; from tetanized slices, 29.6 = 3.2%, n =
11). Because these experiments involving
eIPSCs were conducted in the absence of
carbachol, these results also indicated that
the tetanus-induced DSI potentiation
could be observed both in the presence
and absence of cholinergic stimulation.
The tetanus-induced DSI potentiation
took place without a significant change in
eIPSC amplitudes (Fig. 2C) (for descrip-
tion of positioning of stimulation elec-
trodes, see Materials and Methods). The
lack of a change in eIPSC amplitude after
tetanization was in agreement with the
lack of a tetanus-induced alteration in
sIPSC charge transfer (see above), further
indicating that no significant iLTD
(Chevaleyre and Castillo, 2003, 2004) took
place under these conditions (for paired
recording data, see below).

Tetanus-induced DSI potentiation was
significant not only when assessed with
500 ms depolarizing pulses to 0 mV, be-
cause the DSI enhancing effect of tetaniza-
tion could also be observed with 100 ms
depolarizing pulses (Fig. 2D) (DSI, with a
100 ms depolarizing pulse, in cells from
sham-stimulated slices, 11.5 = 3.0%, n =
10; in tetanized slices, 20.1 = 2.7%, n = 10;
for data on DSI potentiation measured
with 500 ms depolarizing pulse, see
above).

In addition, DSI potentiation after tet-
anization of Schaffer collaterals in vitro
had a rapid onset, as DSI of eIPSCs in py-
ramidal cells was already significantly po-
tentiated 15 min after tetanization (Fig.
2 A, bottom row, B, open triangles) (mean
time after tetanus, 15.5 = 1.1 min; range,
10—-20 min; DSI in cells from slices 15 min
after tetanus, 31.7 * 4.8%, n = 8). These
data indicate the robustness, as well as the
rapid onset, of the DSI potentiation result-
ing from a period of strongly increased af-
ferent activity to CAl.

Tetanic stimulation of Schaffer collaterals enhances tonic
inhibition of GABA release by CB1 receptors

The above data show that in vitro stimulation of Schaffer collat-
erals, similar to in vivo febrile seizures, results in increases in the
amplitude and duration of DSI. Febrile seizures, in addition to
potentiating DSI amplitude and duration, have been shown to
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Figure2. Tetanicstimulation rapidly potentiates DSI of eIPSCs, increases the sensitivity of elPSCs to (B1 receptor antagonists/

inverse agonists, and does not affect the magnitude of DSE. 4, B, Tetanic stimulation potentiates DSI of eIPSCs, and the full effect
of potentiation is present within 15 min after stimulation. Representative traces are shown in A, summary data are shown in B.
Square wave in B represents time and duration of depolarizing pulse. IPSCs were evoked with stimulation at the border of stratum
radiatum and stratum pyramidale. DSI was induced by a 500 ms depolarization to 0 mV and recorded in the presence of ionotropic
glutamate receptor blockers, but without carbachol. €, In agreement with the lack of change in sIPSC charge transfer after tetanus,
the amplitude of evoked IPSCs is not changed by tetanic stimulation for any stimulation intensity tested (note that the stimulating
and recording electrodes were carefully positioned in a reproducible manner) (Chen et al., 1999, 2001) (see Materials and
Methods). D, Tetanic stimulation potentiates DSl evoked by either 100 or 500 ms depolarizing pulses. E, Tetanic stimulation causes
elPSCs to become sensitive to the (B1 antagonist SR141716. The inset shows representative traces. Calibration: 50 ms, 100 pA.
Symbols refer to £ and F. F, The potentiation of endocannabinoid signaling caused by tetanic stimulation is specific to inhibitory
synapses, as the amplitude and decay of DSE are not affected by tetanus. DSE was evoked by a 10 s depolarizing pulse and was
recorded in the presence of bicuculline (10 ). The square wave represents the time and duration of the depolarizing pulse. The
inset shows representative traces. Calibration: 80 ms, 400 pA.

increase the CB1-dependent tonic inhibition of GABA release
(Chen et al., 2003). Therefore, we performed experiments to de-
termine whether in vitro tetanization enhances the tonic inhibi-
tion of GABA release by CB1 receptors. As shown in Figure 2E,
perfusion of the CB1 antagonist (and inverse agonist)
SR141716A (Rinaldi-Carmona et al., 1994; Bouaboula et al.,
1997; Landsman et al., 1997; Pan et al., 1998; Vasquez and Lewis,
1999; Hurst et al., 2002) in CA1 pyramidal cells in nontetanized
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slices (from control animals) did not cause a significant change in
the peak amplitude of eIPSCs, in agreement with previous reports
(Hoffman and Lupica, 2000; Wilson and Nicoll, 2001; Chen et al.,
2003). However, in cells from tetanized slices (from control ani-
mals), perfusion of SR141716A resulted in a significant increase
in eIPSC amplitude (Fig. 2E) (recordings made >1 h after teta-
nus; peak eIPSC amplitude in the presence of SR141716A, with
respect to pre-SR141716A baseline, in cells from sham-
stimulated control slices, 95.5 = 1.8%, n = 4; from tetanized
slices, 129.1 = 9.1%, n = 5). The potentiating effect of
SR141716A on eIPSC peak amplitudes after tetanization was re-
markably similar to its effect on eIPSCs after in vivo HT [Chen et
al. (2003), their Fig. 3A, B].

Tetanization does not change DSE

The effects of febrile seizures on cannabinoid signaling have been
shown to be specific to GABAergic synapses, as HT caused DSI
potentiation without changes in DSE (Chen et al., 2003). As
shown in Figure 2 F, the potentiation in CB1-mediated inhibition
of transmitter release after tetanic stimulation in vitro was also
selective to DSI, because it failed to cause any significant alter-
ation in DSE (DSE in cells from sham-tetanized slices, 17.4 *
3.7%, n = 6; tetanized, 18.5 £ 4.1%, n = 6; note that the depo-
larizing pulse needs to be longer for evoking DSE, 10 s) (Ohno-
Shosaku et al., 2002; Chen et al., 2003, see also Straiker and
Mackie, 2005). Together, the experiments presented so far indi-
cate that the in vitro tetanus-induced DSI potentiation replicates
several key features of DSI potentiation observed after in vivo
febrile seizures, including the selectivity of the modulation of DSI
but not DSE.

Tetanus-induced DSI potentiation occurs at synapses
between endocannabinoid-sensitive interneurons and
pyramidal cells

The data presented above show that tetanic stimulation signifi-
cantly enhances DSI of both sIPSCs and eIPSCs. Because sIPSCs
and eIPSCs originate from a mixed population of GABAergic
fibers (containing both CB1-expressing, cannabinoid-sensitive
and CB1-negative, cannabinoid-insensitive axons), it is possible
that tetanic stimulation increased the relative contribution of
CB1-expressing axons to the recorded events, leading to an ap-
parent potentiation of DSI, without an actual increase in endo-
cannabinoid signaling at axons between CB1-containing termi-
nals and pyramidal cells. To investigate this question, we
performed paired whole-cell patch-clamp recordings between
DSI sensitive presynaptic interneurons evoking fast unitary IP-
SCs (uIPSCs; 10-90% rise-times of uIPSCs, 0.62 * 0.05 ms; n =
14) and their pyramidal cell postsynaptic targets. The DSI sensi-
tivity identified these presynaptic cells as CB1 receptor expressing
interneurons, and the fast uIPSC rise times indicated that they
were most likely basket cells (Katona et al., 1999; Wilson et al,,
2001; Foldy et al., 2006; Glickfeld and Scanziani, 2006). Synapti-
cally connected pairs were obtained from slices that were either
sham-stimulated or tetanized before the beginning of the record-
ing session (the time between the stimulation and the establish-
ment of the paired recordings was 27.7 £ 2.4 min; the extracel-
lular medium was control ACSF during both the tetanization and
the paired recordings).

As illustrated in Figure 3, tetanization significantly potentiated
DSI of the ulPSCs recorded between the interneurons and the CA1
pyramidal cells. Specifically, DSI in sham-stimulated control slices
was 55.7 £ 11.7% (n = 8 pairs), and it was significantly increased in
pairs recorded from slices that were tetanically stimulated (87.3 =
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Figure 3.  Paired recordings show that DSI at (B1 expressing interneuron to pyramidal cell

synapses is potentiated by tetanic stimulation. 4, Biocytin fill from a representative interneuron
demonstrates the presence of CCKimmunostaining and the absence of PV immunostaining (all
cells that were successfully recovered were CCK positive and PV negative; n = 9 of 14 record-
ings). Traces on the right demonstrate the characteristic firing pattern and hyperpolarizing
response of CCK-positive interneurons after the injection of +140 pA and — 80pA current
pulses. These cells are similar to those examined and illustrated by Foldy et al. (2006). B, DSI of
ulPSCsis significantly increased by tetanic stimulation. Top traces show action potentials evoked
inthe presynaptic basket cell; bottom traces show 20 individual ulPSCs in the postsynaptic pyramidal
cell from each time point (gray) as well the averaged ulPSC (black). The time points were as follows,
with the zero time point being the start of the depolarizing pulse: baseline or pre-DSI period, —2 sto
05;DSI, 0.5t0 2.5 5; recovery, 4 to 6 5. The illustrated traces are consecutive responses obtained by
triggering action potentials in the presynaptic interneuron at 10 Hz; as described previously in detail
(Foldy et al. 2006), this stimulation frequency resulted in stable responses over time and also allowed
us to obtain a sufficiently large number of events for reliable analysis. Calibration: B, presynaptic, 25
mV, 5 ms; postsynaptic, 25 pA, 5 ms. All experimentsin this figure were performed in control ACSF and
DSl was evoked by 500 ms pulses.

4.1%; n = 6). Therefore, data from these paired-recording experi-
ments confirmed the results from the above-described sIPSC and
eIPSC DSI experiments indicating that tetanization potentiates DSI.
In addition, in agreement with the lack of iLTD of the sIPSCs and
perisomatic eIPSCs (Fig. 2C), the amplitude of the uIPSCs in these
paired recordings was also not decreased after the tetanic stimulation
(if anything, there was a nonsignificant trend for increased uIlPSC
amplitude after tetanization; ulPSC amplitudes, including failures,
in pairs from sham-stimulated slices, 70.1 = 13.9 pA; in tetanized
slices, 108.0 = 53.0 pA).

Mechanisms of induction of DSI potentiation after tetanic
stimulation in vitro: dual requirement for non-NMDA
ionotropic and metabotropic glutamate receptors

Based on the similarities established by the previous experiments
between the DSI potentiation after tetanic stimulation in vitro
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and DSI potentiation after HT in vivo, we took advantage of the
accessibility of the in vitro tetanization paradigm to pharmaco-
logical manipulations to investigate the mechanisms underlying
the induction phase of DSI potentiation. In contrast to the po-
tentiation of DSI when tetanization was performed in ACSF (as in
all previous experiments), tetanization in the presence of 10 um
NBQX did not increase DSI (Fig. 4A, NBQX) (DSI of eIPSCs
after sham-stimulation in NBQX, 19.9 * 2.6%, n = 9; after tet-
anization in NBQX, 16.3 = 3.2%, n = 10; note that in these and
subsequent experiments on induction mechanisms, the slices
were incubated in control ACSF during the >1 h time between
the tetanization and the beginning of patch-clamp recording for
the DSI assessment, to wash out the particular drug that was
being tested for its effect on induction). Therefore, AMPA/kai-
nate glutamate receptors are critical for the induction of DSI
potentiation. In contrast, significant DSI potentiation took place
when tetanization was performed in the presence of 10 uM APV
(Fig. 4A, APV) (DSI after sham-stimulation in APV, 18.2 *
2.5%, n = 10; after tetanization in APV, 32.0 * 2.7%, n = 11),
indicating that NMDA receptors are not necessary for the induc-
tion of plasticity of endocannabinoid signaling (these results were
confirmed with 50 uM APV in a separate series of experiments;
DSI after sham-stimulation in APV, 17.0 = 1.8%, n = 6; after
tetanization in APV, 30.8 = 2.9%, n = 6). Interestingly, the
broad-spectrum metabotropic glutamate receptor antagonist
LY341495 (200 M) was also able to completely abolish the in-
duction of DSI potentiation (Fig. 4A, LY341495) (DSI after
sham-stimulation in LY341495, 20.5 * 2.7%, n = 10; after teta-
nization in LY341495, 18.5 = 1.9%, n = 9). Therefore, both
non-NMDA ionotropic as well as metabotropic glutamate recep-
tors are necessary for the afferent stimulation-induced potentia-
tion of DSI. However, GABA , receptor activity is not required for
this plasticity to occur, as the GABA, receptor blocker bicucul-
line (10 uM) failed to inhibit the tetanus-induced potentiation of
DSI (Fig. 4 A, bicuculline) (DSI after sham-stimulation in bicu-
culline, 18.6 * 3.3%, n = 9; after tetanization in bicuculline,
31.7 £ 2.6%;n = 10). Note also that the sensitivity of the tetanus-
induced potentiation of DSI to AMPA/kainate receptor blockade
further distinguished this form of plasticity of endocannabinoid
signaling from iLTD, which could be induced both in the pres-
ence or absence of NBQX (Chevaleyre and Castillo, 2003).

Requirement of CB1 receptors for induction of tetanus-
induced DSI potentiation in vitro

Because high-frequency stimulation of Schaffer collaterals in hip-
pocampal slices is known to transiently increase endocannabi-
noid levels (Stella et al., 1997), we next tested whether CB1 recep-
tor activation is involved in DSI potentiation (same experimental
paradigm as in the experiments of Fig. 4A). Tetanic stimulation,
or sham stimulation, was applied in the presence of the CB1
antagonist SR141716A (Fig. 4 A, sham-tet/tetanus during SR) (3
min perfusion with SR141716A was followed by tetanic- or sham
stimulation, during which SR141716A perfusion was continued;
total SR141716A perfusion, 6 min), which in turn was followed
by >60 min wash in control ACSF and then DSI was assessed.
Importantly, when tetanic stimulation was performed in the
presence of SR141716A, DSI potentiation did not occur (Fig. 4 B,
left and middle bar graphs) (DSI in cells from sham-tetanized
slices, 17.9 = 2.6%, n = 10; in cells from slices tetanized in
SR141716A,15.6 = 2.1%, n = 10). Therefore, a major conclusion
from these observations, with significant relevance for the design
of new strategies to oppose the long-term consequences of febrile
seizures (see below), is that CB1 receptor activation is an absolute
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Figure4. Activation of AMPA/kainate, mGIuR, and (B1 receptors is required during tetanus

for potentiation of DSI. 4, Tetanus-induced potentiation of DSl is blocked when NBQX (5 rum), an
AMPA/kainate receptor antagonist, or LY341495 (200 ), a broad spectrum mGluR antago-
nist, is present during tetanization. Blockade of NMDARs with APV (10 wum), or blockade of
GABA, receptors with bicuculline (10 um) during tetanization does not prevent potentiation of
DSI. B, Potentiation of DSl is prevented when SR141716, a (B1R antagonist, is present during
tetanus (SR was applied for 6 min, which was followed by a >60 min wash in ACSF). To exclude
the possibility that this effect was caused by an incomplete wash out of SR from the slice, a
control experiment was performed in which tetanus was applied in the absence of SR, followed
by a 6 min perfusion of the slice with SR, followed by a 60 min wash with ACSF (tetanus followed
by SR). The presence of potentiated DSl in this experiment indicates that SR can be completely
eliminated from the slice with a 60 min wash. The top panel demonstrates experimental pro-
tocol, where dark boxes indicate presence of SR in extracellular medium. C, The presence of SR
during tetanus does not decrease the effective activation of excitatory afferents. In fact, SR did
not change the pretetanus resting membrane potential, but the average membrane potential during
tetanic stimulation was depolarized in the presence of SR and, as detailed in the text, the number of
action potentials elicited by each tetanic train was also increased in the presence of SR.
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requirement for the induction of this plasticity in endocannabi-
noid signaling.

A number of control experiments were performed to exclude
alternative interpretations of the preceding tetanization experi-
ments performed in the presence of SR141716A. First, the lack of
DSI potentiation after tetanic stimulation in SR141716A was not
attributable to incomplete wash-out of the drug (note that this is
a potentially significant concern, because SR141716A blocks
DSI), because DSI potentiation did take place when SR141716A
was applied 10 min after the tetanus (Fig. 4 B, tetanus followed by
SR) (DSI in cells from slices that were tetanized in ACSF, then
perfused with ACSF containing SR141716A for 6 min, followed
by >60 min wash in ACSF, 27.3 * 3.0%, n = 10).

Second, the blocking effect of SR141716A also could not be
explained by a decreased amount of neuronal activity in
SR141716A, because tetanic stimulation in the presence of
SR141716A actually resulted in a larger average depolarization
during tetanization, compared with tetanic stimulation in ACSF
(Fig. 4C) (average membrane potential during the 100 Hz teta-
nus, calculated from 5-ms-long samples collected at 10 kHz,
taken 2.5 ms after each stimulus during the tetanic train, when
tetanization was performed in ACSF, —46.2 * 2.0 mV, n = 4;
when tetanization was performed in SR141716A, —35.0 * 0.3
mV, n = 5; note that the resting membrane potential, measured
before the tetanic stimulation was applied, was not altered by the
presence of SR141716A, resting membrane potential in ACSF,
—61.5*+ 1.2mV,n = 4;in SR141716A, —59.3 = 0.6 mV, n = 5).
Furthermore, tetanization in the presence of SR141716A also in-
creased the number of action potentials that the CA1 pyramidal
cells fired during the stimulation (number of action potentials
per tetanic train in ACSF, 28.8 = 7.2, n = 4; in SR141716A,
50.0 = 7.4, n = 5). Note that the higher number of action poten-
tials in CA1 pyramidal cells during the tetanic stimulation in the
presence of SR141716A compared with ACSF is in agreement
with previous observations on the acute seizure-enhancing ef-
fects of SR141716A application in vivo (Wallace et al., 2002; Mar-
sicano et al., 2003; Bernard et al., 2005).

Together, the results of these experiments demonstrated that
both glutamate and CB1 receptors are involved in the mecha-
nisms underlying DSI potentiation. Furthermore, these experi-
ments also showed that application of the CB1 antagonist after
the tetanus was not effective in preventing activity dependent DSI
potentiation, indicating that activation of CB1 receptors is criti-
cal only during, but not after the induction period.

CBI1 receptor blockade during seizures inhibits seizure-
induced DSI potentiation

Can we use the previous insights into the in vitro induction mech-
anisms of activity-dependent DSI potentiation to prevent the DSI
potentiation that takes place after HT in vivo? In agreement with
previous reports (Chen et al., 2003), DSI was significantly in-
creased in animals that were preinjected with vehicle (5% alco-
hol, total injected volume, 70 ul) (see Materials and Methods)
and subjected to HT 1 week before the recording session at age
P10 (HT plus vehicle), compared with vehicle-injected, age-
matched littermate normothermic controls (Fig. 54, vehicle, left
pair of bar graphs) (DSI in cells from slices from control, vehicle-
injected animals, 19.9 = 2.4%, n = 9; from HT vehicle-injected
animals, 30.2 = 3.3%, n = 10), indicating that the vehicle used to
dissolve SR141716A in the subsequent experiments did not inter-
fere with DSI potentiation. However, when HT was induced in
animals that were preinjected with SR141716A (in the same ve-
hicle) at either high (10 mg/kg) or low (1 mg/kg) concentration
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Figure 5.  Blocking (B1 receptors in vivo during experimental febrile seizures prevents both
potentiation of DSI and increase in (B1 receptor number. 4, The potentiation of DSI observed
after HT is prevented when SR is injected in vivo before HT induction at a dose of either 1 or 10
mg/kg. B, Typical western blots of hippocampal tissue (top) and their quantitative analysis
(bottom) demonstrate a significant (35.9%) increase in the amount of (BT receptor protein
after HT (HT-+vehicle) as compared with littermate controls (either vehicle- or SR-injected
controls). The injection of SR in vivo (1 mg/kg) before HT induction (HT+SR) prevents the
increased expression of (B1 protein.

1 h before the seizure induction, the potentiation of DSI did not
take place (Fig. 5A, right pair of bar graphs, HT+SR) (DS in cells
from slices from HT animals preinjected with 1 mg/kg
SR141716A before seizure induction, 16.8 * 2.7%, n = 7; from
HT animals preinjected with 10 mg/kg SR141716A, 16.5 * 3.3%,
n = 8). Therefore, as predicted by the in vitro experiments, block-
ade of CBI receptors prevents the upregulation of DSI by the
experimental febrile seizures.

CBI1 receptor blockade during febrile seizures abolishes the
seizure-induced increase in CB1 receptor numbers

Previous results have shown that febrile seizures increase the
number of CB1 receptors expressed in the hippocampus (as as-
sessed with Western blotting) without altering the cell type-
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CBI1 receptor expression levels (Fig. 5B,
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Blocking CB1 receptors in vivo during febrile seizures prevents the long-lasting decrease in seizure threshold. A—F,
Seizure thresholds were tested both with electrical stimulation in vitro at 1 week after febrile seizures (A, B) and with kainate in
vivo 6 weeks after febrile seizures (C~F). A, One train of brief high-frequency test stimulation of the Schaffer collaterals (2 s at 60
Hz) in hippocampal-entorhinal slices leads to self-sustaining epileptiform discharges in vehicle-injected HT animals, but not in
SR-injected HT animals or in controls. Recordings were performed 1 week after HT induction. Note that the high-frequency
stimulus train is used here to test the excitability of the network, not to induce changes in DSI (the test stimulation is considerably
shorter than what is required for DSI potentiation). B, Plot of stimulation train number versus the duration of spontaneous field

discharges shows that the injection of SR, at 1 mg/kg, prevents the increase in epileptiform activity seen after HT. , Representa-

CBI1 receptor antagonism during seizure
induction prevents the long-term
increase in hippocampal network
excitability after febrile seizures: in

vitro and in vivo assessment

Febrile seizures are known to cause a long-lasting increase in
hippocampal network excitability, as demonstrated by a decrease
in threshold for self-sustaining, recurrent seizure-like electrical
discharges after the application of brief high-frequency test stim-
uli in acute combined entorhino-hippocampal slices in vitro and
by the decreased in vivo seizure threshold for the limbic convul-
sant kainate (Dube et al., 2000). Because CB1 receptor blockade
prevented the in vivo HT-induced upregulation of DSI as well as
the HT-induced increase in CB1 receptor numbers, in the next
series of experiments we determined whether CB1 receptor
blockade during seizure induction also prevents the development
of long-term hyperexcitability induced by febrile seizures (Dube
et al., 2000).

tive traces from hippocampal depth EEG recordings demonstrate that, 10 min after injection of kainate (5 mg/kg), seizures have
initiated in HT+vehicle animals but not in HT + SR (1 mg/kg) animals or control animals. D, The latency to seizure initiation is
significantly decreased by HT (HT +vehicle), but this decrease is prevented by injection of SR (HT+SR). E, F, SR injection prevents
the increase seen after HT in both the duration of the longest single seizure and the cumulative duration of all seizures.

First, we measured the effect of CB1 receptor antagonism on
limbic hyperexcitability using short trains of electrical stimuli to
the Schaffer collaterals to measure seizure threshold, in com-
bined hippocampal-entorhinal slices prepared 1 week after the
experimental febrile seizure induction (note that the stimulus
trains were used to probe the excitability of the network, not to
induce changes in DSI; accordingly, these test stimuli were con-
siderably shorter than what is required for DSI potentiation). As
shown in Figure 6 A, the first stimulus train caused only a few,
short after-discharges without sustained field activity in com-
bined hippocampal-entorhinal slices from control animals, or
from control animals injected with SR141716A (1 mg/kg, i.p.)
(Fig. 6A, control+vehicle, control+SR). In contrast, even the
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first stimulus train evoked the characteristic, previously de-
scribed (Dube et al., 2000), self-sustaining population activity in
slices from animals that experienced experimental febrile seizures
1 week before the recording and were injected with vehicle before
the febrile seizures (Fig. 6A, HT+vehicle), demonstrating that
febrile seizures prominently increased hippocampal network ex-
citability in a long-term manner.

However, when the animals were preinjected with SR141716A
and then subjected to experimental febrile seizures, the network
hyperexcitability was decreased compared with the HT plus ve-
hicle animals (Fig. 6A, HT+SR). Population data for these ex-
periments, for consecutive test stimuli (delivered every 10 min) is
shown in Figure 6 B (number of slices: control+vehicle, n = 8,
from n = 4 animals; control+SR, n = 8, from n = 4 animals;
HT+vehicle, n = 9, from n = 4 animals; HT+SR, n = 9, from
n = 4 animals; note that, because the clinical definition of status
epilepticus is 30 min of seizures, the recordings were terminated
if the self-sustaining activity lasted longer than 35 min, resulting
in the apparent plateau observable after five stimulation trains for
the activity from HT +vehicle slices in Fig. 6 B). Therefore, these
data demonstrate that the presence of SR141716A during HT
induction significantly limited the development of network hy-
perexcitability resulting from the febrile seizures.

Second, we performed experiments to measure the effect of
CB1 antagonism on seizure-induced long-term changes in sei-
zure thresholds, by assessing seizure threshold from in vivo hip-
pocampal EEG recordings after the application of the prototypic
limbic convulsant kainate (5 mg/kg, i.p.), 6 weeks after the ex-
perimental febrile seizures. In agreement with previous reports
(Dube et al., 2000), animals that experienced HT exhibited
a significant decrease in threshold for kainate-induced seizures
(Fig. 6C) compared with controls. Specifically, in animals
that experienced HT after vehicle injection, application of kainate
resulted in seizures that appeared significantly faster and lasted
significantly longer (Fig. 6 D-F) (seizure latency: con-
trol+vehicle, 19.6 = 4.2 min, n = 7; HT +vehicle, 4.5 = 0.7 min,
n = 8; duration of longest seizure episode: control+vehicle,
16.0 = 7.7 min; HT +vehicle, 46.1 = 3.0 min; total seizure dura-
tion: control+vehicle, 19.5 = 7.5 min; HT +vehicle, 50.5 * 2.3
min). In contrast, animals that experienced febrile seizures in the
presence of SR141716A showed no evidence of significantly de-
creased seizure thresholds after the kainate challenge (Fig. 6C—F)
(seizure latency: control+SR, 27.6 * 4.5 min, n = 6; HT+SR,
21.4 £ 4.3 min, n = 8; duration of longest seizure episode:
control+SR, 12.9 * 4.6 min; HT+SR, 16.7 * 4.8 min; total
seizure duration: control+SR, 15.9 = 5.0 min; HT+SR, 18.7 +
4.9 min). These data demonstrate that CB1 antagonism during
febrile seizures can significantly counteract and even prevent the
long-term, seizure-induced decrease in seizure threshold in the
hippocampus.

In principle, SR141716A may have decreased long-term hy-
perexcitability by decreasing febrile seizures. However, this was
highly unlikely, because SR141716A actually enhanced neuronal
depolarization and firing during tetanization (Fig. 4C), and
SR141716A has been shown to act as a proconvulsant in vivo
(Wallace et al., 2002; Marsicano et al., 2003; Bernard et al., 2005).
Indeed, we found no alterations in parameters of HT induction in
the animals involved in the in vitro and in vivo assessment exper-
iments. First, application of SR141716A did not affect the base-
line body temperature (HT+vehicle, 32.9 = 0.4°C, n = 21;
HT+SR, 33.0 = 0.3°C, n = 22). Second, the number of sei-
zure sessions during the ~30-min-long experimental febrile
seizure-induction procedure (see Materials and Methods) was
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also unchanged (HT +vehicle, 5.8 = 0.3; HT+SR, 6.5 *+ 0.3; note
that, if anything, there was a nonsignificant trend toward more
seizure sessions in SR141716A, which obviously could not ex-
plain the protection against long-term hyperexcitability provided
by SR141716A). Third, the threshold temperature for febrile sei-
zures was also unaltered by SR141716A (HT+vehicle, 40.5 =
0.3°C; HT+SR, 39.8 £ 0.2°C).

We also performed experiments to determine whether
SR141716A was also effective in blocking the long-term effects of
febrile seizures on seizure thresholds if applied after the start of
the febrile seizure induction period. Therefore, the experiments
described above in connection with Figure 6C—F were repeated
with SR141716A injected (1 mg/kg, i.p.) 2 min after the start of
the febrile seizures (as above, the assessment of seizure thresholds
with kainate was performed 6 weeks after the febrile seizures).
The data showed that the animals that experienced febrile sei-
zures with SR141716A injected 2 min after the start of the seizure
induction period showed no evidence of decreased seizure
thresholds after the kainate challenge (seizure latency:
control+vehicle, 20.1 * 4.6 min, n = 9; HT +vehicle, 4.8 = 0.6
min, n = 8 HT+SR, 16.0 = 3.0 min; n = 8; duration of longest
seizure episode: control+vehicle, 18.0 = 4.3 min; HT +vehicle,
48.6 £ 1.7 min; HT+SR, 9.9 = 2.9 min; total seizure duration:
control+vehicle, 25.4 * 3.8 min; HT +vehicle, 51.7 = 1.4 min;
HT+SR, 18.9 * 2.2 min). Thus, CB1 antagonism can signifi-
cantly counteract and prevent the long-term, seizure-induced
decrease in seizure threshold in the hippocampus not only when
SR141716A is preinjected before the onset of the seizures, but also
when it is injected 2 min after the start of febrile seizure
induction.

Finally, we sought to provide additional evidence for the acute
proconvulsant action of SR141716A. For technical reasons, we
could not reliably record EEG seizures during febrile seizure in-
duction, therefore, we measured the effect of SR141716A (1 mg/
kg) on acute in vivo kainate-induced seizures in P10 animals. As
expected, the data showed that SR141716A had a significant pro-
convulsant effect (seizure latency after kainate injection in vehicle
injected controls, 17.3 = 6.6 min, n = 5; in SR141716A injected
animals, 6.5 = 1.8 min, n = 5). The acute proconvulsant action of
CB1 receptor blockade is in full agreement with our in vitro data
described above indicating more depolarized membrane poten-
tials and more action potential discharges in response to tetanic
stimulation of afferents in the presence of SR141716A (Fig. 4C
and related data), and it also agrees with previous reports from
different epilepsy models on the acute seizure enhancing effects
of SR141716A (Wallace et al., 2002; Marsicano et al., 2003; Ber-
nard et al., 2005). Therefore, CB1 receptor blockade during ex-
perimental febrile seizures has a significant inhibitory effect on
the long-term reduction in seizure threshold despite its acute
proconvulsant actions.

Discussion

Role for CB1 receptors in inducing plasticity of
endocannabinoid signaling and limbic hyperexcitability

CB1 receptors are the most numerous G-protein-coupled recep-
tors in the brain (Herkenham et al., 1990; Matsuda et al., 1990),
strategically positioned at both GABAergic and glutamatergic
synapses to regulate neurotransmitter release (Katona etal., 1999,
2006; Kawamura et al., 2006; Monory et al., 2006). As indicated
by their numerical abundance and specific expression patterns,
CB1 receptors modulate hippocampal excitability in both healthy
and pathological states (Hajos et al., 2000; Wilson et al., 2001;
Carlson et al., 2002; Chen et al., 2003; Wallace et al., 2003;
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Monory et al., 2006). Here, we showed that prevention of endo-
cannabinoid signaling plasticity decreases the persistent effects of
prolonged febrile seizures on limbic excitability.

To determine key steps in the induction pathway for DSI plas-
ticity, we first developed an in vitro model of DSI potentiation
allowing rapid testing of pharmacological agents. Strong tetanic
stimulation of excitatory afferents in slices replicated a number of
effects of in vivo febrile seizures. Namely, tetanic stimulation en-
hanced DSI amplitude and duration, increased CB1-mediated
tonic inhibition of GABA release, and did not significantly mod-
ify DSE. Activity-dependent DSI potentiation in slices was rapid
and occluded by previous febrile seizures, and the induction
mechanism required non-NMDA ionotropic and metabotropic
glutamate receptors, and CB1 receptors.

Taking advantage of these mechanistic insights, we returned
to the in vivo febrile seizure paradigm to demonstrate that CB1
receptor antagonism during HT induction prevents three major
consequences of febrile seizures, namely, the persistent DSI po-
tentiation and increase in CB1 receptors, and the development of
long-lasting limbic hyperexcitability. It is interesting to note that
the key finding of the present paper (i.e., that CB1 receptors are
required for the induction of both seizure-induced endocannabi-
noid plasticity and long-term changes in seizure thresholds),
could not have been predicted from our previous observation
that febrile seizures persistently modify endocannabinoid signal-
ing pathways (Chen et al., 2003). The present results may provide
novel therapeutic avenues for infants who are most at risk of
developing long-term limbic hyperexcitability from prolonged
febrile seizures (Annegers et al., 1987; Cendes et al., 1993; French
et al., 1993; Hesdorffer and Hauser, 2002).

DSI potentiation and iLTD: two distinct forms of
endocannabinoid plasticity modulating GABAergic

synaptic transmission

Persistent DSI potentiation indicates that neuronal activity can
modify CB1 receptor-dependent short-term plasticity of
GABAergic transmission in a long-term manner. Therefore,
activity-dependent DSI potentiation first described in this paper
joins the recently discovered iLTD (Chevaleyre and Castillo,
2003, 2004) as two mechanisms by which glutamatergic afferent
activity can result in long-term depression of GABA-release from
CBI receptor expressing GABAergic axons. DSI potentiation is
clearly distinct from iLTD, because tetanic stimulation that re-
sulted in DSI potentiation did not depress sIPSCs, eIPSCs, or
ulPSCs. A major reason why tetanic stimulation of Schaffer col-
laterals did not result in iLTD is likely to be that iLTD is a prop-
erty of CB1 expressing interneuronal inputs to pyramidal cell
dendrites (Chevaleyre and Castillo, 2003, 2004), but not of peri-
somatic inputs studied in this paper. Furthermore, in contrast to
iLTD induction, DSI potentiation requires AMPA/kainate recep-
tors. In contrast, metabotropic glutamate receptor antagonists
block the induction of both DSI potentiation (present study) and
iLTD (Chevaleyre and Castillo, 2003, 2004), indicating shared
molecular steps, likely related to the production of endocannabi-
noids (Maejima et al., 2005).

Mechanisms of activity-dependent plasticity of DSI

The key events resulting in DSI potentiation can be delineated as
follows. The initial steps involve glutamate release and the acti-
vation of both AMPA/kainate ionotropic and metabotropic glu-
tamate receptors, which would be expected to result in the
postsynaptic synthesis and release of endocannabinoids. The en-
docannabinoid is likely to be 2-AG, because Schaffer collateral
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stimulation has been shown to transiently increase 2-AG but not
anandamide levels (Stella et al., 1997), although kainate-induced
seizures are accompanied by rapid increases in both 2-AG and
anandamide (Wettschureck et al., 2006) or anandamide alone
(Marsicano et al., 2003). Exactly how tetanus-induced spike in
endocannabinoid levels leads to DSI potentiation is not fully un-
derstood. On the presynaptic side, elevation of CB1 receptor lev-
els after febrile seizures has been suggested to be a mechanism
contributing to enhanced DSI amplitude (Chen et al., 2003). In-
creased CB1 receptor levels are expected to also prolong DSI and
enhance tonic inhibition of GABA release (for detailed discus-
sion, see Chen et al., 2003), which are two additional conse-
quences of both tetanic stimulation and febrile seizures. Whether
upregulation of CB1 receptors occurs after tetanic stimulation in
slices is unclear, but it could take place through several potential
mechanisms, including the rapid movement of CB1 receptors
closer to the release sites from large receptor pools (Nyiri et al.,
2005). On the postsynaptic side, one possibility is that episodes of
strong glutamate receptor activation result in long-lasting prim-
ing of the activity of certain Ca’"-sensitive endocannabinoid
synthetic enzymes (Bisogno et al., 2003; Hashimotodani et al.,
2005; Katona et al., 2006).

Although details will need to be investigated further, a critical
insight provided by the present study is that CB1 receptor activa-
tion is a key step in DSI potentiation, both after tetanic stimula-
tion in vitro and after febrile seizures in vivo. Application of
SR141716A prevents CB1 receptor activation at the terminals of
CCK ™ basket cells, which may be necessary for the downstream
molecular steps leading to long-term presynaptic alterations in
the endocannabinoid sensitivity of GABA release. Alternatively,
it is possible that CB1 receptor blockade acted through the pre-
vention of CB1 receptor activation on glutamatergic terminals,
although it is difficult to see how that would interfere with DSI
potentiation, especially because blockade of CB1 receptors on
glutamatergic terminals would be expected to abolish DSE dur-
ing tetanus and febrile seizures, resulting in even larger increases
in glutamate release. It is interesting to note also that neuronal
activity potentiated both the CB1-dependent phasic (DSI) and
tonic inhibition of GABA release, without altering DSE in a long-
term manner. As with the potentiation of DSI, the enhancement
in the tonic inhibition of GABA release by CB1 receptors may
have resulted from a variety of presynaptic and/or postsynaptic
processes, including increases in the number or constitutive ac-
tivity of presynaptic CB1 receptors, or through augmentation of
the tonic synthesis and release of endocannabinoid ligands from
postsynaptic cells. It will also be interesting to establish in future
studies whether CB1 receptor blockade during febrile seizures
also prevents other known consequences of these seizures, in-
cluding potentiation of GABA release and enhancement of I,
(Chen et al., 1999, 2001).

CBI1 receptor blockade is acutely proconvulsant but

prevents chronic increases in limbic hyperexcitability caused
by seizures

Paradoxically, CB1 receptor blockade inhibited development of
long-term decreases in seizure thresholds despite acute procon-
vulsant actions of SR141716A. That a proconvulsant drug can
exert beneficial chronic effects on seizure thresholds is a novel
finding with major potential implications for the ongoing search
for new antiepileptic compounds. The proconvulsant nature of
SR141716A is well established, because it can promote seizure-
like discharges both in vitro and in vivo in different seizure para-
digms and in different age groups (Wallace et al., 2002; Marsi-
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cano et al., 2003; Bernard et al., 2005; present study). Although
the exact reason for the excitability-promoting actions of acute
CBI1 receptor blockade is not fully established, the most likely
mechanism is blockade of activity-dependent depression of glu-
tamate release (Marsicano et al., 2003; Monory et al., 2006) (i.e.,
antagonism of DSE). That SR141716A significantly decreased the
long-term effects of febrile seizures on seizure thresholds despite
its acute proconvulsant actions indicates that CB1 receptors play
a critical role in inducing persistent changes in limbic networks
during seizures, which should inspire future research for thera-
peutic applications. Some caveats will need to be carefully con-
sidered in this regard, including the acute proconvulsant actions
of SR141716A that would have to be counteracted with anticon-
vulsant medications. In contrast, SR141716A shows a promising
safety record in clinical trials as a potent antiobesity (and anti-
smoking) agent (Despres et al., 2005; Pi-Sunyer et al., 2006),
indicating that its long-term administration may be a possible
method to prevent the plasticity of endocannabinoid signaling
and long-term limbic network hyperexcitability after prolonged
childhood seizures.

Future projects will need to establish exactly what kinds of
manipulations of CB1 receptor-dependent signaling systems are
the most beneficial under different conditions. A recent study
showed that CB1 receptors on glutamate terminals are particu-
larly important in regulating kainate-induced seizures, suggest-
ing that boosting CB1 receptor-mediated control of glutamate
release is the logical strategy for acute seizure control (Monory et
al., 2006). In contrast, our results indicate that the opposite strat-
egy (i.e., the blockade of CB1 receptors during seizures) may be
the most beneficial intervention to counteract the long-term ef-
fects of childhood seizures, even if the blockade of CB1 receptors
worsens the seizures acutely. These results indicate that the en-
docannabinoid system is likely to provide exciting new opportu-
nities to develop fundamentally novel therapeutical strategies to
prevent the long-term effects of prolonged seizures in infancy.
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