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Abstract

Temporal lobe epilepsy (TLE) is a condition characterized by an imbalance between excitation and
inhibition in the temporal lobe. Hallmarks of this change are axon sprouting and accompanying
synaptic reorganization in the temporal lobe. Synthetic and endogenous cannabinoids have variable
therapeutic potential in treating intractable temporal lobe epilepsy, in part because cannabinoid
ligands can bind multiple receptor types. This study utilized in vitro electrophysiological methods
to examine the effect of transient receptor potential vanilloid type 1 (TRPV1) activation in dentate
gyrus granule cells in a murine model of TLE. Capsaicin, a selective TRPV1 agonist had no
measurable effect on overall synaptic input to granule cells in control animals, but significantly
enhanced spontaneous and miniature EPSC frequency in mice with TLE. Exogenous application of
anandamide, an endogenous cannabinoid that acts at both TRPV1 and cannabinoid type 1 receptors
(CB1R), also enhanced glutamate release in the presence of a CB1R antagonist. Anandamide reduced
the EPSC frequency when TRPV1 were blocked with capsazepine. Western blot analysis of TRPV1
receptor indicated protein expression was significantly greater in the dentate gyrus of mice with TLE
compared with control mice. This study indicates that a prominent cannabinoid agonist can increase
excitatory circuit activity in the synaptically reorganized dentate gyrus of mice with TLE by
activating TRPV1 receptors, and suggests caution in designing anticonvulsant therapy based on
modulating the endocannabinoid system.
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Introduction

Temporal lobe epilepsy (TLE) is a common neurological condition affecting approximately
1% of human population. It is associated with characteristic changes in neuronal circuitry,
which render the brain more susceptible to seizure generation (Ben-Ari et al., 1981; Babb et
al., 1991; Dudek and Spitz, 1997). Circuit modification includes hippocampal cell loss and
axon sprouting, which have been associated with the development of TLE in animal models
and humans (Ben-Ari, 1985; Tauck and Nadler, 1985; Sutula et al., 1989; Shibley and Smith,
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2002; Smith and Dudek, 2001). Mossy fibers of the granule cells sprout into the inner molecular
layer of the dentate gyrus where they form excitatory synapses with the other granule cells,
resulting in a recurrent excitatory circuit associated with TLE (Sutula et al., 1989; Franck et
al., 1995; Wuarin and Dudek, 1996; Winokur et al., 2004).

Recent evidence suggests that cannabinoids and endocannabinoids play a protective role under
excitatory conditions in the brain and in modulating circuits activated during seizures (Wallace
et al., 2002; Marsicano et al., 2003; Wallace et al., 2003). Release of the endocannabinoids,
arachidonoylethanolamide (anandamide; AEA) and 2-arachydonoylglycerol (2-AG) is
increased during seizures and the synthetic cannabinoid receptor agonist WIN 55,212-2 can
suppress seizure development in animal models of TLE (Marsicano et al., 2003; Wallace et
al., 2003). Thus, agonist binding to cannabinoid type receptors (CB1R) tends to suppress
seizure activity in experimental epilepsy.

Inaddition to binding CB1R centrally, several eicosanoid endocannabinoid agonists, including
AEA, also functionally activate TRPV1. TRPV1 receptors are non-specific cation channels
and are believed to be molecular integrators of various stimuli, including capsaicin, pH, and
high temperature, being well characterized in peripheral pain pathways. TRPV1 is also
expressed in the brain, including the hippocampus and the dentate gyrus (Mezey et al., 2000;
Roberts et al., 2004; Toth et al., 2005; Cristino et al., 2006), but little is known about the
physiological functions of central TRPV1 receptors. Increasing evidence suggests activation
of both TRPV1 and CB1R by AEA centrally (Al-Hayani et al., 2001; Derbenev et al., 2006;
Kauer and Gibson, 2009; Kofalvi et al., 2007; Starowicz, Cristino and DiMarzo, 2008;),
implying a dual role for endocannabinoid agonists in brain areas containing both receptors. It
is necessary to understand such dual roles for endocannbinoids to design effective therapies
based on the endocannabinoid system.

In preliminary studies, we observed a transient increase in EPSC frequency in many granule
cells treated with AEA in mice with TLE (Bhaskaran and Smith, 2007). Based on the findings
that AEA activates TRPV1 as well as cannabinoid receptors, a mixed AEA response due to
TRPV1 and CB1R activation is observed in other brain systems where both receptors are
located (Derbenev et al., 2006), and blockade of endocannabinoid activity actually exacerbates
seizures (Wallace et al., 2003; Baakman et al., 2009), we hypothesized that TRPV1 activation
and expression would be observed in the new recurrent excitatory circuitry formed between
granule cells in association with TLE development in pilocarpine-treated mice.

Adult male CD1 mice weighing 25-30g were housed individually on a 12-hour day and night
cycle. Food and water were available ad libitum. The animals were housed at least 7 days prior
to beginning treatment. All procedures were approved by the Tulane University and University
of Kentucky Animal Care and Use Committees.

Pilocarpine-injection

Mice were administered an intraperitoneal injection (i.p.) of methylscopolamine in sterile
saline (1 mg/kg) 15-30 min prior to injection of pilocarpine to reduce the peripheral cholinergic
effects of the pilocarpine. Experimental animals were then injected i.p. with a single dose of
pilocarpine hydrochloride (280-290 mg/kg) in sterile saline vehicle (0.9% NaCl; 0.1 ml total
volume) as described previously (Shibley and Smith, 2002). Control mice were age-matched
with treated mice and were administered a comparable volume of vehicle or were not injected
after the initial methylscopolamine treatment.
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Seizure behavior was observed for at least 2 hours starting immediately after the pilocarpine
injection. The category and the number of generalized convulsive seizures in each % hour
period were tallied. A modified version of the seizure scale described by Racine (1972) was
used to identify seizure severity, with primary attention given to convulsive seizures (i.e.,
categories 3 to 5) as they were correlated with the eventual development of spontaneous
seizures, mossy fiber sprouting, and increased recurrent excitation in the dentate gyrus (Shibley
and Smith, 2002; Winokur et al., 2004). Convulsive seizures in mice most often included
unilateral limb myoclonus, loss of postural control and repetitive jumping. Seizures were
typically of 30-90s duration and were separated by variable duration periods of relative
inactivity. The periods between convulsive seizures were marked by continuous low-level
seizure-like activity (i.e., categories 1-2) that typically included continuous head bobbing,
chewing, wet dog shakes, and stiff tail. A mouse that experienced a minimum of 3 generalized
convulsive seizure events within the 2 hours following pilocarpine injection was considered
to have undergone status epilepticus (SE). In addition to standard rodent chow and water, mice
were supplied with water-moistened chow and a 5% sucrose solution in water in a petri dish
inside the cage for 4 days after SE induction to help replenish fluids.

Slice preparation

Mice were anesthetized to effect by halothane inhalation and then decapitated. The brains were
rapidly removed and immersed in oxygenated (95% O,/5% CO5) ice-cold (0-4°C) artificial
cerebrospinal fluid (ACSF) containing (in mM): 124 NaCl, 3 KCI, 26 NaHCO3, 11 glucose, 2
CaCly, and 1.3 MgCl,, pH=7.3-7.4, with an osmolality of 290 — 305 mOsm/kg. Brains were
then blocked and glued to a sectioning stage and sliced in the horizontal plane such that
transverse slices (300-400 pm thickness) of the ventral ~2/3 of the hippocampal formation
were cut in cold oxygenated ACSF using a vibrating microtome (Vibratome Series 1000;
Technical Products Intl, St Louis, MO, USA). The hippocampus was then separated from the
surrounding tissue, being sure to completely remove any entorhinal cortex from the slice. Slices
were then transferred to a storage chamber, where they were perfused with warm (32-35°C)
and oxygenated ACSF.

Whole-cell patch-clamp recordings

After an equilibration period of 1-2h, granule cells in the dentate gyrus were targeted for
recording under a 40x water-immersion objective (NA=0.8) with infrared-differential
interference contrast (IR-DIC) optics (Olympus, BX51WI) using a CCD video camera. Whole-
cell voltage-clamp recordings from granule cells of the dentate gyrus were obtained using
pipettes with open tip resistance of 2-5 MQ using a Multiclamp 700A or Axopatch 200B
amplifier (Axon Instruments, Union City, CA, USA). Signals were low-pass filtered at 2-5kHz,
digitized at 88kHz (Neurocorder, Cygnus Technology, Delaware Water Gap, PA, USA), and
recorded onto videotape as well as to a PC-style computer (Digidata 1440A or 1320A, Axon
Instruments). Data were captured using pCLAMP programs (Axon Instruments) and analyzed
using pCLAMP or Mini-Analysis (Synaptosoft, Decatur, GA, USA). Recording pipettes were
pulled from borosilicate glass (1.65 mm outer diameter and 0.45 mm wall thickness, Garner
Glass Co., Claremont, CA, USA) with a P-87 puller (Sutter Instruments) and were filled with
(in mM): 130 K*-gluconate, 10 HEPES, 1 NaCl, 1 MgCl,, 1 CaCl,, 3 KOH, 5 EGTA, 2 Mg-
ATP. Seal resistance was typically 1-4 GQ and series resistance, measured from brief voltage
steps (10 mV, 5 ms) applied through the recording pipette was typically <30 MQ,
uncompensated. Spontaneous excitatory postsynaptic currents (SEPSCs) were examined at a
holding potential of —70 mV. Synaptic events were characterized by a typically fast rising
phase and exponential decay phase, and only currents with amplitudes greater than twice peak-
to-peak noise level were included for analysis. Recordings in which a >20% change in series
resistance was measured during drug application were excluded from the analysis. Input
conductance was estimated by measuring the current at the end of brief (20-400 ms) voltage
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pulses of 5-10 mV. Resting membrane potential was determined by periodically monitoring
the voltage at which no current was measured (i.e. briefly removing voltage-clamp control of
the neuron by switching to | = 0) during the recording.

Drug application

Whole cell recordings were usually done in the absence of added Mg2* in the ACSF in order
to remove the MgZ*-dependent blockade of the NMDA receptors near resting membrane
potential and expose network excitability (Mayer et al., 1984; Smith and Dudek, 2001,2002;
Winokur et al., 2004). The GABA receptor antagonist, bicuculline methiodide (30 puM;
Sigma) was added to ACSF to reduce synaptic inhibition. Tetrodotoxin (TTX; 1 uM) (Sigma
or Alomone labs, Jerusalem, Israel) was applied to study action-potential independent synaptic
events (i.e., ‘miniature’ EPSCs). The selective TRPV1 agonist (E)-N-[(4-Hydroxy-3-
methoxyphenyl) methyl]-8-methyl-6-nonenamide (capsaicin; 1-10 uM; Tocris) and the
endogenous cannabinoid/vanilloid ligand, AEA (1-10 uM; Tocris) were used to activate
TRPV1 and/or CB1R. The CB1R antagonist/inverse agonist, N-(Piperidin-1-yl)-5-(4-
iodophenyl)-1-(2,4-dichlorophenyl)-4-methyl-1H-pyrazole-3-carboxamide (AM 251; 10 pM;
Tocris) and selective TRPV1 antagonist, N-[2-(4-Chlorophenyl)ethyl]-1,3,4,5-tetrahydro-7,8-
dihydroxy-2H-2-benzazepine-2-carbothioamide (capsazepine; CPZ; 10uM; Tocris) were used
as antagonists to isolate receptors involved in agonist responses. Capsaicin, capsazepine, and
AM251 were dissolved in 0.01% DMSQO; AEA was dissolved in Tocrisolve®. Vehicle applied
alone at identical final concentrations in preliminary analyses (n=5 cells each) was without
effect.

Tissue Staining

At the end of the experiment, slices were placed in 0.37% sodium sulfide solution in 0.1M
NaHPO,4 buffer for 25 minutes and then fixed overnight in 4% paraformaldehyde. The slices
were then rinsed with phosphate buffered saline (PBS; 0.01M) and placed in 30% sucrose for
cryoprotection. After equilibration with sucrose, 30 um frozen sections were made using a
cryostat, mounted on charged slides (Superfrost Plus; Fisher Scientific) and air-dried overnight.
Timm’s and Nissl staining was performed to reveal mossy fiber and cellular distribution
patterns using the protocols used previously (Shibley and Smith, 2002).

Western blot analysis

400 uM transverse sections of the hippocampus were made from control and pilocarpine-
treated mice that survived status epilepticus using a vibratome, and the dentate gyrus was
microdissected away from the hippocampus under a dissection microscope, to include the
granule cell and molecular layers. The samples were homogenized at 4°C in lysis buffer (0.5M
HEPES, 3M NaCl, 1M MgCl,, 0.5M EDTA, 0.1M DTT, 10% SDS, 10% deoxycholate and
0.3% Triton X-100) and centrifuged at 13000 rpm at 4°C for 10 minutes. The supernatant was
collected leaving the pellet behind. Proteins were quantified using a Bradford protein assay.
Each lane was loaded with 15 ug of protein in 10% Tris-HCI polyacrylamide gels and
electrophoresed at 110 V for 60 to 90 min. Proteins were then transferred at 200 mA for 1h to
polyvinylidene difluoride membranes for Western blot analysis. Membranes were rinsed in
PBS and blocked in 1:1 Odyssey blocking buffer/PBS (Odyssey, Li-COR Biosciences,
Lincoln, NE) for 1h at room temperature. Membranes were then either incubated 1hr at room
temperature or overnight at 4°C, with polyclonal VR1 N-terminus (1:2500) (Neuromics, Edina,
MN) and a-actin (1:1000) primary antibodies (Sigma, St.Louis, MO) in 1:1 Odyssey blocking
buffer/PBS/0.1% Tween 20. Following four 5-min washes (PBS + 0.1% Tween 20),
membranes were incubated with fluorescence-conjugated goat anti-rabbit IRDye-680% and
goat anti-rabbit IRDye-800% secondary antibodies (1:5000 Odyssey) in Odyssey blocking
buffer/PBS/0.1% Tween 20 and 0.01% SDS for 1 hr, followed by four 5-min washes. After a
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final 10 min PBS wash, the membranes were dried and blots were scanned by a densitometer
(Odyssey model 9120, Li-COR Biosciences, Lincoln, NE) to quantify band density.
Background density was subtracted from the TRPV1 receptor band density and normalized to
a-actin, which was used as the loading control.

Statistical analysis

Results

A value of twice the mean peak-to-peak noise level (typically 3-5 pA) for a given recording
in control solutions was used as the detection limit for minimal PSC amplitude. For SEPSCs
and mEPSCs, at least 2 min of activity in control and in agonist-containing ACSF was examined
to identify agonist effects on amplitude and frequency. Typically, 150-300 events were
compared for each condition. The effects of drugs on SEPSC and mEPSC frequencies were
analyzed within a recording using the Kolmogorov-Smirnov (K-S) test. Pooled results from
responding cells were analyzed using a paired Student’s t-test. Western Blots were analyzed
using single factor ANOVA. Results are reported as the mean £ SEM unless indicated
otherwise; significance was set at P < 0.05 for all statistical measures.

As in previous analyses of this model of inducible TLE in mice (Shibley and Smith, 2002;
Winokur et al., 2004) and rats (Cavalheiro et al., 1996), animals that underwent SE after
pilocarpine injection developed spontaneous seizures, mossy fiber sprouting, and showed
evidence of recurrent excitatory circuit formation in the dentate gyrus within a few weeks,
whereas animals that did not undergo SE did not develop any of these characteristics and were
not different from untreated animals with regard to these parameters. Figure 1 shows the dentate
gyrus of a control mouse and a pilocarpine-treated mouse that survived SE. Similar to previous
reports in this model (Shibley and Smith, 2002; Borges et al., 2003; Winokur et al., 2004),
extensive mossy fiber sprouting was seen extending into the inner molecular layer in
pilocarpine-treated mice that survived SE, whereas the control mice did not have mossy fiber
sprouting.

Whole-cell patch-clamp recordings were made from six untreated animals, three pilocarpine-
treated animals that did not undergo SE (injected controls) and 27 pilocarpine-treated animals
that survived SE. Preliminary tests were done to detect differences between injected controls
and untreated animals. Untreated animals and injected controls did not differ behaviorally,
anatomically or electrophysiologically and results from these groups were therefore considered
together as control data unless otherwise specified.

In nominally Mg%*-free ACSF that contained bicuculline (30uM), a solution that was meant
to expose glutamatergic connections by removing Mg2*-dependent blockade of NMDA
receptor-mediated excitation and also reduce recurrent GABA, receptor-mediated synaptic
inhibition, patch-clamp recordings from granule cells in control mice voltage-clamped at =70
mV revealed SEPSCs with an average frequency of 1.21 + 0.15 Hz (n=6 cells). In animals that
had experienced SE and developed spontaneous seizures, barrages of SEPSCs were
superimposed on the ongoing SEPSC activity. The frequency of SEPSCs in cells from these
animals, including those within the SEPSC barrages, was 2.94 + 0.27 Hz (n=12 cells), which
was significantly higher than the control group (P<0.05).

Effect of TRPV1 receptor activation on SEPSCs

In Mg2*-free ACSF containing bicuculline, application of capsaicin (1 uM) to recordings from
granule cells in normal animals resulted in no change in frequency of SEPSCs (1.21 £ 0.15 Hz
control; 1.23 £ 0.17 Hz capsaicin; n=6 cells; P>0.05; paired t-test; Fig. 2). The amplitude of
SEPSCs was also unchanged (P>0.05). In granule cells from mice that survived pilocarpine-
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induced SE, application of capsaicin increased the frequency of SEPSCs from a control value
of 2.83 £ 0.46 Hz to 6.13 + 1.33 Hz in the presence of capsaicin (Fig. 2; P<0.05; n=7 cells).
The increase in SEPSCs was blocked by pre-application of the TRPV1 antagonist CPZ (10
uM; 3.09 £ 0.11 Hz control; 3.17 + 0.30 Hz capsaicin; p>0.05; n=5 cells; Fig. 2C) indicating
the involvement of TRPV1 in the response. No effect of CPZ alone was observed. In addition,
no capsaicin-mediated increase in SEPSC frequency was observed in two cells pre-treated with
another TRPV1 antagonist, 5’-iodoresiniferatoxin (1 uM). Capsaicin increased the frequency
of SEPSCs through the activation of TRPV1 in pilocarpine-treated mice that survived SE, but
not in controls.

Action potential-independent glutamate release was also compared between the two groups by
measuring miniature EPSC (mEPSC) frequency and amplitude. In the presence of TTX,
mMEPSC frequency in controls was 1.33 + 0.16 Hz (n=11 cells). In pilocarpine-treated mice that
survived SE, it was significantly higher at 1.93 £ 0.15 Hz (n=27 cells; p<0.05). The amplitude
of mEPSCs was not different between the two groups (p>0.05). These data indicated that
granule cells from pilocarpine-treated mice that survived SE received enhanced spontaneous
glutamatergic synaptic input versus control mice or mice that did not experience SE after
pilocarpine injection.

Effect of TRPV1 activation by capsaicin on mEPSCs

Capsaicin (1 uM) had no significant effect on the frequency of mEPSCs in granule cells from
control mice (1.31 £ 0.22 Hz control; 1.42 + 0.38 Hz capsaicin; n=6 cells; p>0.05; Fig. 3D).
In cells from pilocarpine-treated mice that survived SE, capsaicin increased the frequency of
mEPSCs from 1.63 £ 0.17 Hz to 2.35 + 0.23 Hz (Fig. 3; n=8 cells; p<0.05). The capsaicin-
induced increase in mEPSC frequency was blocked by the addition of CPZ (10pM; 2.19 +£0.33
Hz control; 2.09 £ 0.37 capsaicin; n=6 cells; p>0.05). Capsaicin did not alter the amplitude of
mEPSCs in either group (p>0.05). These data suggest that capsaicin acts through TRPV1
activation to increase action potential-independent release of glutamate in the dentate gyrus of
animals that survived SE but not in controls.

Effect of endocannabinoid/endovanilloid agonist anandamide (AEA) on mEPSCs

AEA (10 uM) was applied in the presence of the CB1R antagonist AM 251 (10 uM), to isolate
any TRPV1-mediated effects or in the presence of TRPV1 antagonist CPZ (10 uM), to isolate
any effects of CB1R activation. Neither antagonist had any effect alone on mEPSC frequency.
In the presence of AM 251, AEA (10 pM) increased the frequency of mMEPSCs from 1.62
0.26 Hz t0 2.27 £ 0.44 Hz (Fig. 4; n=9 cells; p<0.05) in pilocarpine-treated mice that survived
SE. No subsequent decrease in frequency was observed. In the presence CPZ, AEA (10 uM)
decreased the frequency of mMEPSCs from 2.03 £ 0.4 Hz to 1.35 £ 0.24 Hz (Fig. 5; n=7 cells;
p<0.05), with no transient increase in EPSC frequency. AEA did not have any effect of the
amplitude of MEPSCs (p>0.05). There was no effect of AEA on mEPSCs in neurons from
control animals (p>0.05). These data suggest that AEA is capable of activating both CB1R and
TRPV1 in the dentate gyrus of animals that had survived SE and undergone mossy fiber
sprouting.

Since effects were seen in animals with mossy fiber sprouting but not control animals, we
reasoned that the newly sprouted axon terminals express TRPV1 receptors and this may be
reflected in increased TRPV1 receptor protein expression in the dentate gyrus of pilocarpine-
treated mice that survived SE. The dentate gyrus was microdissected to include the granule
cell layer and the molecular layer in controls and pilocarpine-treated mice that survived SE. A
discrete band at 95 kDa, corresponding to the molecular weight of the TRPV1 receptor was
identified by Western blot, consistent with previous studies using this antibody (Stein et al.,
2006). Western blot analysis showed that the TRPV1 receptor protein labeling was
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significantly increased by 111% over control levels in pilocarpine-treated mice (n=4 mice per
group; p<0.05; Fig. 6).

Discussion

Studies from our lab and others have shown that cannabinoids possess potential therapeutic
properties for a variety of conditions including TLE. However, the ability of some
endocannabinoids to act centrally at cellular targets other than CB1R has not been extensively
examined in brain disorder models. This study was initiated to identify the effects of TRPV1
activation in the brains of an animal model of TLE, which is one target for the endocannabinoid
agonist, AEA. In the present study, we demonstrate that activation of TRPV1 receptors with
an agonist (i.e., capsaicin) increases both action-potential-dependent (SEPSCs) and -
independent (MEPSCs) glutamate release onto dentate gyrus granule cells of a mouse model
of TLE, but not in controls. There was no effect on the amplitude in the presence of TTX
suggesting a pre-synaptic site for the TRPV1 on glutamate terminals. This capsaicin-induced
effect was prevented by the pre-application of the selective TRPV1 antagonist CPZ, confirming
it was TRPV1 receptor-mediated. No effect of CPZ alone was observed, suggesting that its
main effect was to antagonize TRPV1 receptors. The endocannabinoid/endovanilloid agonist
AEA activates both CB1R and TRPV1 in the synaptically reorganized neuronal circuitry in
the dentate gyrus of mice with TLE. The increase in EPSC frequency mediated by AEA was
entirely prevented by TRPV1 blockade, and the AEA-mediated decrease in EPSC frequency
was blocked by a CB1R antagonist. Whereas it is possible that AEA may act at additional
receptors to alter membrane properties, the effects on EPSC frequency we observed were
consistent with binding to TRPV1 or CB1R. Western analysis indicated that the protein band
with a molecular weight corresponding to TRPV1 labeling was denser in the dentate gyrus
from epileptic animals, consistent with the hypothesis that increased TRPV1 function was
associated with increased TRPV1 protein expression in the dentate gyrus of mice with TLE
compared to control animals. These receptors and others might be expressed on newly sprouted
mossy fiber terminals after synaptic reorganization.

In this and other models of TLE, mossy fiber sprouting is robust and leads to increased
glutamatergic recurrent excitatory connections between granule cells (Sutula et al., 1989;
Winokur et al., 2004). Sprouted axons from perforant path inputs, CA3, or mossy cells might
also contribute to the recurrent excitatory circuit in animals with TLE. However, there is little
evidence for these circuits contributing robustly to network excitability in TLE models,
whereas evidence for increased recurrent circuitry mediated by sprouted mossy fibers is
compelling. In animal models of TLE, there is a change in the neuronal circuitry which results
in an imbalance between synaptic excitation and inhibition and renders the brain more
susceptible to seizure generation (Ben-Avri et al., 1981; Babb et al., 1991; Dudek and Spitz,
1997). Hippocampal sclerosis, selective neuron loss, and synaptic reorganization of dentate
granule cells are some of the well characterized changes in human TLE (de Lanerolle et al.,
1989; Sutula et al., 1989; Houser et al., 1990; Sloviter et al., 1991; Mathern et al., 1995; Zhu
et al., 1997; Magloczky et al., 2000). We used pilocarpine-induced SE in mice to induce TLE
for our experiments. This model has many of the same characteristic features as seen in human
tissues, and is very similar to pilocarpine-induced TLE models in rats (Shibley and Smith,
2002; Borgesetal., 2003; Winokur et al., 2004). Several other TLE models share these features,
which result in increased network excitability in multiple brain areas and in seizure generation
(Ben-Ari, 1985; Sutula et al., 1989; Wuarin and Dudek, 1996, 2001; Smith and Dudek, 1997,
2001; Patrylo and Dudek, 1998). In this mouse model, extensive mossy fiber sprouting into
the inner molecular layer of the dentate gyrus is observed (Fig. 1), suggesting the existence of
new functional excitatory synapses between granule cells (Winokur et al., 2004). Such mossy
fiber sprouting was not seen in control mice that did not experience SE. Moreover, we and
others have found that selective stimulation of granule cells, but not hilar or CA3 areas,
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activates the recurrent excitatory circuit in TLE models (Molnar and Nadler, 1999; Winokur
et al., 2004). New connections between granule cells likely account for the increased
excitability observed in the dentate gyrus under the experimental conditions studied here.

The TRPV1 (also called vanilloid type 1) receptors, cloned in 1997 (Caterina et al., 1997), are
non-specific ion channels, permeable to Ca?* and Na*. When activated, they primarily increase
neuronal excitability (Van Der Stelt and Di Marzo, 2004). The receptors are activated by a
variety of noxious stimuli including heat, pH, capsaicin (the pungent ingredient in hot chili
peppers), plant toxins like resiniferatoxin, and by a subset of endogenous cannabinoid ligands,
including AEA, which has been identified in the dentate gyrus (Tominaga et al., 1998; Caterina
etal., 1999; Smart et al., 2000). Physiological functions of the receptors have been well
characterized in peripheral sensory neurons (Szallasi and Blumberg, 1999). Initially believed
to be absent in the brain (Caterina et al., 1997), subsequent studies have shown TRPV1 mRNA
to be present in various brain regions including the dentate gyrus and the hippocampus (Mezey
et al., 2000; Roberts et al., 2004; Toth et al., 2005; Cristino et al., 2006). Although speculated
to be present on the GABAergic terminals in the hippocampus of normal animals and to
increase GABA release in CAL region when activated (Al-Hayani et al., 2001; Huang et al.,
2002), their function in the brain is still not well defined (Kofalvi et al., 2006). Evidence also
exists to demonstrate the presence of TRPV1-mediated effects on glutamatergic terminals in
other regions (Hajos and Freund, 2002; Marinelli et al., 2002; Marinelli et al., 2003; Derbenev
et al., 2006). Recent evidence also suggest that there could be a non-TRPV1-mediated effect
of high concentrations (i.e., 10 uM) of capsaicin on glutamatergic transmission in the dentate
gyrus (Benninger et al., 2008). However here, we found that capsaicin- or AEA-induced
increases in glutamate release were blocked by the highly selective TRPV1 antagonist, CPZ,
implicating TRPV1 receptors in the response.

The effect of TRPV1 activation on the reorganized synaptic circuit associated with the
neuropathology of TLE has not been previously studied. Considering that the slice preparation
used here excluded the entorhinal cortex and that there was no measurable effect of capsaicin
in slices from control mice, it is possible that some functional TRPV1 receptors are expressed
de novo on the newly sprouted mossy fiber terminals formed after synaptic reorganization.
Capsaicin increased the frequency of SEPSCs by about 115% whereas the frequency of
MEPSCs was increased only by about 45%. Synaptic network reorganization and activation of
that network by capsaicin may contribute to this difference by causing spike-dependent
increases in the frequency and synchronous firing of action potentials in other granule cells by
increasing glutamate release. This suggests that in pilocarpine-treated mice that survived SE,
activation of TRPV1 receptors could increase synaptic network activity and, by inference,
might increase seizure-like activity.

AEA is believed to be a functional agonist at both CB1R and TRPV1 (Devane et al., 1992;
Van Der Stelt and Di Marzo, 2004). Endocannabinoids like AEA and 2-AG are increased
during seizures or cellular activity (Marsicano et al., 2003; Wallace et al., 2003) and are thought
to play a protective role during excitatory conditions. However, native CB1R are most often
described on inhibitory GABAergic terminals (Katona et al., 1999; Katona et al., 2000) and
mediate depolarization induced suppression of inhibition (DSI) (Alger and Pitler, 1995; Wilson
and Nicoll, 2001). Hence the typical action of CB1R activation would be to reduce GABA
release and, by inference, increase seizure severity. However, loss of hilar inhibitory
interneurons and mossy cells during epileptogenesis (Buckmaster and Dudek, 1997) may be
associated with a concomitant loss of CB1R in inhibitory circuits. This would allow released
endocannabinoids to act on other molecular targets including CB1R or TRPV1 located on
glutamatergic terminals. In human patients (Braakman et al., 2009) or rat models (Wallace et
al., 2003) with TLE, treatment with CB1R antagonists exacerbates seizures, suggesting that
released endocannabinoids act at CB1R to keep seizures in check. Our data suggest that
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blocking CB1R not only removes this negative control, but may also allow released eCBs to
bind TRPV1 and contribute to seizures. Hence, depending on the site of action,
endocannabinoids could either suppress synaptic activity through their action at CB1R, or
increase synaptic excitation through their action at TRPV1 receptors.

In our experimental conditions with GABA, receptors blocked with bicuculline, AEA-
mediated effects of activating CB1R and TRPV1 on glutamatergic synapses were isolated using
the antagonists, CPZ and AM 251, respectively. Effects on GABA release are being studied
separately. Consistent with the hypothesis, AEA decreased synaptic activity in the presence of
CPZ, but increased synaptic activity in the presence of AM 251. This suggests the presence of
functional CB1R and TRPV1 receptors in the reorganized circuit. There was no change in the
amplitude of MEPSCs suggesting a presynaptic location for TRPV1, similar to CB1R, which
are also typically located on synaptic terminals in the dentate gyrus (Katona et al., 1999;
Marinelli et al., 2003). If the receptors are located on robustly-sprouted mossy fiber terminals,
this could account for the increased TRPV1 protein levels in the dentate gyrus suggested by
Western blot analysis.

It is not clear from the above experiments whether both CB1R and TRPV1 are present in the
same or different synaptic terminals but the vast number of potential new synapses associated
with mossy fiber sprouting could include both cases, at least in this model. Activation by AEA
of additional receptors not examined here also remains a possibility. This study provides insight
to potential side-effects that might be associated with the design of pharmaceutical therapies
for conditions like TLE based on the endocannabinoid system. Whereas endocannabinoid
ligands might bind CB1R to reduce neurotransmitter release, some of these ligands, including
AEA, might increase synaptic excitability by acting at newly expressed TRPV1 on
glutamatergic terminals in the dentate gyrus. Because activity-dependent release of
endocannabinoids has been demonstrated in the dentate gyrus (Wallace et al., 2003; Isokawa
and Alger, 2005), ubiquitous blockade of CB1R in patients with TLE and mesial temporal lobe
sclerosis should be considered with caution (Braakman et al., 2009).
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Figure 1.

Timm staining showing mossy fiber sprouting into the inner molecular layer of the dentate
gyrus in pilocarpine-treated mice. A. Dentate gyrus of a normal mouse. B. Dentate gyrus of a
pilocarpine-treated mouse that survived SE showing mossy fiber sprouting. Al and B1 are
enlarged boxed regions of A and B. The arrows in B and B1 point to extensive mossy fiber
sprouting in the inner molecular layer of the dentate gyrus.
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Figure 2.

Effect of capsaicin (Cap) on SEPSCs recorded from pilocarpine-treated mice with TLE. A.
control trace recorded from a granule cell of a pilocarpine-treated mouse that survived SE. B.
Addition of capsaicin increased the frequency of SEPSCs. A1, B1 and B are 2 expanded regions
of the boxed areas of A and B. C. Normalized graph showing cap did not have effect on SEPSCs
of control mice (p<0.05). In mice with TLE, cap significantly increased SEPSC frequency
(asterisk indicates p<0.05) and this effect was blocked by pre-application of capsazepine
(CPZ). Number of neurons is indicated in parentheses for each condition.
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Figure 3.

Capsaicin increased frequency of mEPSCs in pilocarpine-treated mice. A. mEPSCs recorded
from granule cell of a pilocarpine-treated mouse in the presence of TTX (1uM). B. mEPSC
frequency increased with the application of capsaicin. Al and B1 are expanded regions of A
and B. C. Kolmogrov-Smirnov analysis showing reduction of inter-event interval after
application of capsaicin in the same recording. D. Cumulative normalized data from control
mice and pilocarpine-treated mice showing that capsaicin increased frequency of mEPSCs in
pilocarpine-treated mice but not in controls. * indicates significance (P<0.05) versus control
conditions. Number of neurons is indicated in parentheses for each condition.
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Figure 4.

AEA increased the frequency of mEPSCs in the presence of CB1R antagonist, AM 251. A.
Control trace recorded from a granule cell of a pilocarpine-treated mouse showing mEPSCs
in the presence of AM 251. B. Trace showing increase in frequency after addition of AEA.
Al and B1 are expanded segments indicated by the boxed areas in A and B respectively. C.
Kolmogrov-Smirnov analysis of the same recording showing reduction in the inter-event
interval after the addition of AEA. D. Cumulative normalized data showing an increase in
mEPSC frequency induced by AEA when CB1R were blocked in neurons from seven
pilocarpine-treated mice with TLE. * indicates significant change (p<0.05) versus control
conditions. Number of neurons is indicated in parentheses for each condition.
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Figure 5.

AEA decreased the frequency of mEPSCs in the presence of the TRPV1 receptor antagonist,
CPZ. A. Control trace recorded from a granule cell of a pilocarpine-treated mouse showing

mMEPSCs in the presence of CPZ. B. Trace illustrating a decrease in the frequency of mEPSCs
after the addition of AEA. Al and B1 are expanded segments indicated by the boxed areas in
A and B respectively. C. Kolmogrov-Smirnov analysis showing an increase in the inter-event
interval after the addition of AEA. D. Cumulative normalized data indicating a decrease in

mEPSC frequency induced by AEA when TRPV1 receptors were blocked in neurons from six
mice with TLE. * indicates significant change (p<0.05) versus control conditions. Number of
neurons is indicated in parentheses for each condition.
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Western blot detection of TRPV1 receptor expression in the dentate gyrus. A. Diagram of
dentate gyrus showing the micro-dissected area (box). B. Western blot showing TRPV1
receptor expression in two untreated mice and in two pilocarpine-treated mice that survived
SE. Actinwas used as the loading control which did not change significantly. C. Graph showing

significant (p<0.05; n=4) increase in TRPV1 receptor expression in epileptic mice.
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