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Abstract

Temporal lobe epilepsy (TLE) is a chronic epileptic disorder involving the hippocampal formation. 

Details on the interactions between the hippocampus proper and parahippocampal networks during 

ictogenesis remain, however, unclear. In addition, recent findings have shown that epileptic limbic 

networks maintained in vitro are paradoxically less responsive than non-epileptic control (NEC) 

tissue to application of the convulsant drug 4-aminopyridine (4AP). Field potential recordings 

allowed us to establish here the effects of 4AP in brain slices obtained from NEC and pilocarpine-

treated epileptic rats; these slices included the hippocampus and parahippocampal areas such as 

entorhinal and perirhinal cortices and the amygdala. First, we found that both types of tissue 

generate epileptiform discharges with similar electrographic characteristics. Further investigation 

showed that generation of robust ictal-like discharges in the epileptic rat tissue is (i) favored by 

decreased hippocampal output (ii) reinforced by EC–subiculum interactions and (iii) 

predominantly driven by amygdala networks. We propose that a functional switch to alternative 

synaptic routes may promote network hyperexcitability in the epileptic limbic system.
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Introduction

Temporal lobe epilepsy (TLE) is a partial epilepsy disorder involving the hippocampus 

proper and parahippocampal structures such as entorhinal (EC) and perirhinal (PC) cortices, 

amygdala, and temporal neocortex (Gloor, 1991; Mathern et al., 1997). TLE patients are 

often unresponsive to antiepileptic drugs and present with a typical pattern of brain damage 

known as Ammon’s horn sclerosis (Gloor, 1991; Du et al., 1993; Wiebe et al., 2001). 

Current animal models of TLE are based on local or systemic injection of convulsant drugs 
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(e.g., kainic acid or pilocarpine) or on repetitive electrical stimulation of limbic pathways 

(reviewed in Pitkänen et al., 2006) to induce an initial status epilepticus (SE) followed by a 

chronic condition of spontaneous, recurrent, limbic seizures that are also poorly controlled 

by antiepileptic drugs (Glien et al., 2002; Chakir et al., 2006).

Evidence obtained from humans and rodents indicates that epileptic hyperexcitability results 

from seizure-induced brain damage leading to (i) synaptic reorganization (Sutula et al., 

1989; Mikkonen et al., 1998; Houser, 1999; Gorter et al., 2001), (ii) loss of specific 

interneuron subtypes (Bernard et al., 2000; Maglóczky and Freund, 2005) and (iii) 

alterations in GABAergic inhibition (Sloviter, 1987; Brooks-Kayal et al., 1998). The latter 

changes along with NMDA receptor upregulation have been reported in pilocarpine-treated 

parahippocampal areas such as the subiculum (Knopp et al., 2005; de Guzman et al., 2006), 

the EC (Kobayashi et al., 2003; Kumar and Buckmaster, 2006; Yang et al., 2006; de Guzman 

et al., 2008) and the lateral amygdala (LA) (Benini and Avoli, 2005). In addition, modified 

GABAA receptor signaling due to changes in K+/Cl− cotransporter has been identified in the 

epileptic human subiculum in vitro (Cohen et al., 2002; Wozny et al., 2003; Huberfeld et al., 

2007). It remains however to be defined how these alterations in cellular excitability lead to 

an epileptic brain capable of producing chronic recurrent seizures. Moreover, the roles 

played by parahippocampal areas in seizure initiation remain vague. Both aspects are 

presumably relevant for advancing our understanding of TLE pathogenesis.

Findings obtained from animal models of TLE suggest that changes in K+ channel subunit 

expression may be part of the epileptogenic process leading to neuronal hyperexcitability 

and the consequent manifestation of spontaneous epileptic seizures (Bernard et al., 2004; 

Zahn et al., 2008). In addition, contrary to what was reported by us in pilocarpine-treated 

mice (D’Antuono et al., 2002), treatment with the K+ channel blocker 4-aminopyridine 

(4AP), a well established model of in vitro ictogenesis (Avoli et al., 2002), failed to induce 

the generation of ictal-like discharges in slices obtained from kainic-treated epileptic rats 

(Zahn et al., 2008). We were therefore interested in studying the effects induced by bath-

application of this convulsant in a limbic brain slice preparation in the rat pilocarpine model 

of TLE. Here, we employed field potential recordings to: (i) compare the effect of 4AP 

application in non-epileptic control (NEC) and pilocarpine-treated tissue; (ii) investigate the 

role of hippocampal–parahippocampal interactions in the generation of epileptiform 

discharges and (iii) establish whether the site of epileptiform discharge initiation is modified 

in epileptic versus NEC tissue.

Methods

All the experimental procedures were approved by the Canadian Council on Animal Care 

(cf. de Guzman et al., 2006, 2008). All efforts were made to minimize the number of 

animals used and their suffering.

Preparation of pilocarpine-treated rats

Adult male Sprague Dawley rats (250–300 g) were injected with the cholinergic agonist 

pilocarpine hydrochloride (380 mg/kg, i.p.). To prevent discomfort induced through 

peripheral muscarinic receptor stimulation, rats were treated with scopolamine methylnitrate 
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(1 mg/kg, i.p.) 30 min prior to pilocarpine administration. Animal behavior was monitored 

for 4–6 h after pilocarpine injection and scored according to Racine’s classification (1972). 

SE, defined as repeated stages 3–5 seizures (Racine, 1972) without recovery in between, was 

arrested with diazepam (5–20 mg/kg, i.p.) if it did not resolve spontaneously within 2 h. Rats 

experiencing ≥60 min SE were defined as the experimental group. Previous studies have 

established that all pilocarpine-treated animals experiencing SE become epileptic (see for 

example Cavalheiro et al., 1991, reviewed in Pitkänen et al., 2006, and by Curia et al., 2008). 

We have previously reported that rats exposed to 60–120 min of SE develop spontaneous 

recurring behavioral seizures within ~3 weeks from treatment (Biagini et al., 2008, 2009). 

Therefore, animals were randomly monitored for the manifestation of spontaneous 

behavioral seizures, which was confirmed in all of them, and were used for 

electrophysiological studies 4–10 weeks following pilocarpine injection. Age-matched NEC 

rats—injected i.p. with scopolamine and saline—never manifested behavioral seizures.

Brain slice preparation and electrophysiological procedures

Both NEC and pilocarpine-treated animals were decapitated under deep isoflurane 

anesthesia, the brain was quickly removed and placed in ice-cold (~4 °C) oxygenated (95% 

O2, 5% CO2) artificial cerebrospinal fluid (ACSF) composed of the following (in mM): 

NaCl 124, KCl 2, KH2PO4 1.25, MgSO4 2, CaCl2 2, NaHCO3 26, and D-glucose 10 

(pH=7.4, 305 mOsm/kg). Horizontal brain slices (450–500 μm thick) were obtained with the 

use of a vibratome (Leica VT1000S, Leica, Germany). Slices were transferred to an 

interface tissue chamber and superfused with oxygenated (95% O2, 5% CO2) ACSF at 32–

34 °C (pH=7.4, 305 mOsm/kg). Chemicals were acquired from Sigma-Aldrich Canada, Ltd. 

(Oakville, Ontario). 4AP (50 μM) was bath-applied.

Two different slicing procedures were used to partially preserve connectivity between 

hippocampus and parahippocampal areas. In order to record from brain slices in which 

hippocampal output activity was unable to spread to the EC (cf., Avoli et al., 1996), the 

dorsal side of the brain was glued onto the vibratome stage without any prior manipulation 

of the tissue block. In these brain slices, which included the hippocampal formation 

throughout its dorso-ventral extent, fast CA3-driven interictal-like activity disclosed by 4AP 

application was restrained to the hippocampus proper and did not propagate to the EC (see 

Fig. 1Aa, arrows; cf., Avoli et al., 1996). We will thereafter refer to these slices as partially 
disconnected slices. In a different set of experiments, preservation of CA3 outputs to the EC 

and other parahippocampal areas was achieved by slicing the brain along a horizontal plane 

that was tilted by ~10° along a posterosuperior–anteroinferior plane passing between the 

lateral olfactory tract and the brain stem base (cf., Benini et al., 2003). To this end, only the 

most ventral slices were used since they present with the highest connectivity between 

hippocampus and parahippocampal structures (Avoli et al., 2002; Benini et al., 2003). These 

slices were comprised between −8.6 and −7.6 mm from the bregma (Paxinos and Watson, 

1998), and included the most ventral hippocampus, the EC, the PC and the LA; in these 

experiments fast CA3-driven interictal-like activity induced by 4AP could propagate to the 

EC and the other para-hippocampal structures (see Fig. 3; cf., Benini et al, 2003).
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Field potential recordings were made with ACSF-filled glass pipettes (tip diameter <10 μm; 

resistance 5–10 MΩ) that were positioned in the deep layers of the EC and (i) CA3 (stratum 

pyramidale or radiatum) or (ii) subiculum, or (iii) the deep layers of the PC and the LA. 

Signals were fed to high-impedance amplifiers and displayed on a WindoGraph recorder 

(Gould Instruments, Cleveland, OH, USA) or sent to a computer interface device (Digidata 

1322A, Molecular Devices, Palo Alto, CA, USA), acquired and stored in the hard drive 

using pClamp 8.0 software (Molecular Devices, Palo Alto, CA, USA). Traces were acquired 

at a sampling rate of 5 kHz and low-pass filtered on line at 2 kHz. Subsequent analysis of 

these data was performed with Clampfit 9 software (Molecular Devices, Palo Alto, CA, 

USA). Time-delay measurements for epileptiform discharge onset were obtained by taking 

as temporal reference the first deffection from the baseline in expanded traces.

Local application of kynurenic acid (5 mM in ACSF) to the EC or subiculum was performed 

by pressure-ejection through a broken pipette (tip diameter ~15 μm). To avoid diffusion of 

the drug from the perfused area to distant regions, slices in these experiments were 

positioned in such a way that the treated area was downstream with respect to the ACSF 

flow. In addition, we used bipolar, stainless steel electrodes to deliver electrical stimuli (100 

μs; <350 μA) in the subiculum or in the EC (Fig. 5), and thus to rule out that the changes in 

epileptiform activity could reflect decreased network excitability due to kynurenic acid 

diffusion. The drop-applied solution was visualised by including phenol red to the perfused 

medium. Cuts within different areas were made with a microknife under visual guidance (cf. 
Benini et al, 2003).

A direct comparison between the pattern of 4AP-induced epileptiform activity in the two 

animal groups was performed by recording simultaneously from the EC and CA3 subfield of 

partially disconnected slices that were obtained from both NEC and pilocarpine-treated 

animals; brain slices from these two types of tissue were maintained during the same 

experiment in a two-well interface recording chamber accommodating 2 to 4 slices from 

each animal per well. This approach allowed us to implement similar experimental 

conditions for both animal groups thus ensuring that no bias was introduced by possible 

subtle differences that may occur during the slice preparation and maintenance.

Database and statistical analysis

In all, we analyzed 4AP-induced epileptiform activity in 29 and 46 brain slices obtained 

from NEC and pilocarpine-treated epileptic animals, respectively. Within and between each 

experimental group, all the slices exhibited the same electrographic pattern of 4AP-induced 

epileptiform activity, regardless of the animal age or the time after SE. Therefore, data were 

pooled.

Measurements throughout the text are expressed as mean±SEM, and n represents the 

number of slices studied. Data were compared with the Student’s t-test. Results were 

considered significantly different if p<0.05.
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Results

Field potential characteristics of 4AP-induced epileptiform activity in NEC and pilocarpine-
treated epileptic brain tissue

First, we sought to determine whether 4AP-induced in vitro ictogenesis is maintained in 

pilocarpine-treated epileptic tissue. To this aim, we performed ‘parallel’ recordings from 

partially disconnected slices obtained from both NEC and pilocarpine-treated rats (n=9 and 

10 slices, respectively, from 3 animals, each group; see Methods). Bath application of 4AP 

(50 μM) induced synchronous epileptiform activity with similar electrographic 

characteristics in both experimental groups (Fig. 1). As previously reported (Avoli et al., 

1996, 2002; Brückner and Heinemann, 2000; Klueva et al., 2003), this activity consisted of 

three different patterns: (i) robust ictal-like discharges resembling tonic–clonic 

electrographic seizures that originated in the parahippocampal regions from where they 

could spread to the CA3 subfield (Fig. 1Aa, solid line); (ii) ‘slow’ interictal-like events of 

variable origin that occurred every ~20 s (Fig. 1Aa, arrowheads and Fig. 2A, asterisks) and 

resembled the so called ‘synchronous GABA-mediated potentials’; and (iii) ‘fast’ interictal-

like activity (Fig. 1Aa, arrows and Fig. 2A) that occurred at ~1 Hz and originated in the CA3 

subfield (not illustrated, but see Benini and Avoli, 2005). This latter type of discharge, which 

failed to propagate to the EC in partially disconnected slices (cf. Figs. 1 and 3), will be 

hereafter referred to as fast CA3-driven interictal-like activity.

Quantitative analysis of the duration and rate of occurrence of 4AP-induced synchronous 

discharges revealed, however, some differences. First, ictal-like events occurred less 

frequently in epileptic compared to NEC tissue (mean interval, NEC: 277.03±52.31 s; 

pilocarpine: 1011.79±425.55 s; n=9 and 6, respectively; p<0.05; Figs. 1Aa and B), but were 

more robust (mean duration, NEC: 72.29± 15.19 s; pilocarpine: 116.39±14.31 s; n=9 and 6, 

respectively; p<0.05; see expanded traces in Fig. 1Ab). In addition, epileptic tissue appeared 

to be less prone to induction of sustained ictal-like activity, since in this experimental set of 

‘parallel’ recordings only 6 out of 10 slices obtained from pilocarpine-treated rats generated 

ictal-like discharges, whereas NEC tissue always exhibited it. This phenomenon did not 

correlate with the time after SE induction or with the age of the animal. Moreover, as 

reported by D’Antuono et al. (2002) (but also see Köhling et al., 1995; Nagao et al., 1994), 

CA3-driven interictal-like events in pilocarpine-treated slices (Figs. 2A and B) were less 

frequent (0.46±0.23 versus 0.81±0.37 Hz, p<0.05), of longer duration (0.59±0.10 versus 

0.21±0.06 s, p<0.01) and of lower amplitude (0.9±0.3 versus 1.3±0.4 mV, peak-to-peak) 

than in NEC slices.

CA3–EC interaction is impaired in pilocarpine-treated epileptic slices

When the EC and CA3 were reciprocally connected (see Methods), fast CA3-driven 

interictal-like activity could propagate to the EC (Fig. 3). In addition, ictal-like discharges 

disappeared in NEC slices (n=11) within about 2 h of 4AP application, but continued to 

occur throughout the experiment (≥3 h) in most (14/19 slices, ~74%) pilocarpine-treated 

slices (cf., Fig. 3). In light of this and previous findings (Barbarosie and Avoli, 1997; 

Barbarosie et al., 2000), we hypothesized that the persistence of ictal-like activity in 

pilocarpine-treated slices resulted from altered EC–CA3 interactions. We therefore 
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performed cuts of the Schaffer collaterals in reciprocally connected slices to establish the 

influence exerted by CA3-driven interictal-like discharges on ictal-like activity. In NEC 

slices (n=4), in which ictal-like discharges had stopped occurring overtime (Fig. 3A), this 

type of cut abolished the propagation of CA3-driven interictal-like events to the EC, and let 

ictal-like activity appear again in EC and hippocampus (Fig. 3A, “+Schaffer collateral cut” 

panel). Likewise, Schaffer collateral cut in pilocarpine-treated slices (n=5) abolished CA3-

driven inter-ictal-like discharges in the EC. However, this procedure failed to induce any 

significant change on ictal-like discharges (Fig. 3B, “Schaffer collateral cut” panel) 

suggesting that functional impairment of the interaction between these two regions may 

contribute to the persistence of ictal-like activity generated by the EC.

EC–subiculum interactions sustain ictal-like discharges in pilocarpine-treated slices

We have reported that ictal-like activity in pilocarpine-treated mouse slices superfused with 

4AP-containing medium propagates from the EC to the subiculum through the 

monosynaptic temporoammonic path, thus short-circuiting the hippocampal trisynaptic route 

(D’Antuono et al., 2002); this finding is in line with other studies in which a similar 

propagation pattern was reported during application of low-Mg2+-containing medium 

(Dreier and Heinemann, 1991) or local application of high K+ and bicuculline (Wozny et al., 

2005a). Here, we further tested this type of propagation in rat brain slices during application 

of 4AP by comparing the effects produced by lesioning most of EC–subiculum connections 

in NEC and pilocarpine-treated tissue. As illustrated in the inserts of Fig. 4A, this was 

accomplished by performing a cut that was approximately normal to the alveus and extended 

through the subicular area toward the dentate upper blade.

As expected, in both NEC (n=5) and pilocarpine-treated (n=8) slices, this type of procedure 

abolished the propagation of CA3-driven interictal-like activity to the EC (Fig. 4A). In 

addition, in NEC slices (in which ictal-like discharges had stopped occurring overtime) 

severing EC–subiculum connections disclosed ictal-like activity that spread from the EC to 

the subiculum (Fig. 4A, left and Fig. 4B), whereas in pilocarpine-treated slices, which 

continued to generate ictal-like discharges throughout the experiment (duration: 28±3.8 s), it 

decreased the duration of these events (10.4±2.3 s) in both EC and subiculum (Fig. 4A, right 

and Fig. 4B). It should also be emphasized that ictal-like discharges recorded in subiculum 

and EC had similar duration both before and after the surgical manipulation. Further, the 

propagation of ictal-like discharges from the EC to the hippocampus was abolished by 

subsequent separation of the DG from the EC, suggesting that the trisynaptic route may be, 

at least in part, spared (not shown, but see also Wozny et al., 2005a).

In light of these findings, we hypothesized that subiculum–EC interactions sustain ictal-like 

synchronization in epileptic limbic networks. We therefore performed local application of 

the glutamatergic antagonist kynurenic acid (5 mM) in pilocarpine-treated slices (n=4) 

superfused with 4AP-containing medium to block the spread of reciprocal excitatory inputs 

between the subiculum and the EC. Local application of kynurenic acid to the subiculum 

(Fig. 5A, shaded area in the slice schematic) blocked ictal-like events in this region and 

reduced their duration in the EC (Fig. 5A). Such an effect could be seen at a time when 

spontaneous interictal-like discharges in the EC were similar to those observed in control 
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condition and no change appeared in the responses generated by EC networks following 

electrical stimuli delivered in the subiculum (inserts in Fig. 5A) or in the EC (not 

illustrated); therefore, these results suggested that the decreased duration of ictal-like activity 

seen in EC during the first few minutes after drop application of kynurenic acid was not due 

to the spread of this drug from subiculum to EC. After a 20–30 min washout, we applied 

kynurenic acid to the EC (Fig. 5B, shaded area in slice schematic). Such procedure 

abolished ictal-like discharges in both EC and subiculum (Fig. 5B).

Initiation and spread of epileptiform activity in pilocarpine-treated parahippocampal areas

We and others have reported in previous studies (Benini et al., 2003; de Guzman et al., 2004; 

Klueva et al., 2003) that ictal-like discharges occurring in normal brain slices superfused 

with 4AP-containing medium can be initiated in the EC, PC or LA. Here, we addressed 

whether the ability of these parahippocampal networks to generate epileptiform activity is 

modified in pilocarpine-treated rats. To this aim, we focused on slow interictal-like activity 

and ictal-like discharges and measured time delays in the appearance of both types of event 

in the EC and PC with respect to LA.

In keeping with our previous findings (Benini et al., 2003; de Guzman et al., 2004), 

epileptiform discharges could initiate in and spread to any of these limbic areas in both types 

of tissue. However, epileptic LA networks revealed a greater propensity to drive both types 

of epileptiform activity. Fig. 6A shows the most frequently observed propagation modalities 

of slow interictal-like discharges observed in NEC (n=4) and pilocarpine-treated (n=5) 

slices. The interplay between LA–EC and LA–PC is illustrated in Fig. 6B, where the 

frequency distributions of time delays are compared between NEC (grey bars) and epileptic 

tissues (black bars). In NEC slices, slow interictal-like events observed in the LA preceded 

those recorded in the EC in ~65% of the cases (n =49/75 events), whereas in pilocarpine-

treated slices the LA drove the majority of them (n=55/61 events, ~90%). Similarly, slow 

interictal-like events recorded in the PC of NEC tissue were preceded by those seen in the 

LA in ~61% of the cases (n=46/75 events), whereas in pilocarpine-treated slices they 

propagated from the LA to the PC in ~88% of the cases (n=54/61 events). Fig. 6C illustrates 

the onset of ictal-like discharges that were simultaneously recorded in the EC, PC and LA of 

a NEC (left) and pilocarpine-treated (right) brain slice. Analysis of time delays of ictal-like 

activity (Fig. 6D) revealed that events recorded in the LA preceded those seen in the EC 

more frequently in pilocarpine-treated than in NEC tissue (NEC: 7/17 events from 4 slices, 

~41%; pilocarpine: 10/15 events from 5 slices, ~67%), a phenomenon that could also be 

observed when analyzing the LA–PC interplay (NEC: 11/17 events from 4 slices, ~ 65%; 

pilocarpine: 13/15 events from 5 slices, ~87%).

Discussion

In this study we employed the pilocarpine model of TLE along with field potential 

recordings from an EC–hippocampal slice preparation to investigate whether in vitro 
ictogenesis and the role of para-hippocampal structures in epileptiform synchronization are 

changed in epileptic compared to NEC tissue. We have found that pilocarpine-treated slices 

challenged with 4AP can generate sustained ictal-like activity that, contrary to intact NEC 
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slices, persists over time and is accompanied by functional impairment of CA3. Further 

investigation of these phenomena by means of pharmacological manipulations and 

sectioning procedure suggested that in pilocarpine-treated epileptic tissue: (i) decreased 

hippocampal output activity may favor the persistence of parahippocampal ictal-like activity; 

(ii) EC–subiculum interactions reinforce ictal-like synchronization; and (iii) epileptiform 

activity is predominantly driven by the LA.

In vitro ictogenesis induced by 4-aminopyrindine is maintained in pilocarpine-treated 
slices

In spite of the highly documented hyperexcitability characterizing the epileptic brain 

(Sloviter, 1987; Esclapez et al., 1999; Kobayashi et al., 2003; Kumar and Buckmaster, 2006; 

de Guzman et al., 2006, 2008), recent evidence has challenged the idea that epileptic tissue 

may respond to convulsant drug treatment by generating synchronous epileptiform 

discharges similar to those observed in control. We have previously reported that 4AP 

treatment can induce prolonged periods of sustained epileptiform activity in limbic brain 

slices obtained from pilocarpine-treated mice (D’Antuono et al., 2002). In contrast, Zahn et 

al. (2008) have described in brain slices from kainic acid-treated epileptic rats a 

paradoxically reduced susceptibility to induction of seizure-like activity by this drug, along 

with down-regulation of 4AP-sensitive K+ channel subunits. However, in vitro experiments 

were performed in their study at a later time-point than in ours (i.e. 10–40 versus 4–10 

weeks after SE induced at similar age), when the reduced ictogenic potential of 4AP could 

be partially explained by age-dependent plastic neuronal changes along with the more 

prolonged epileptic condition.

Here, we have shown that ~60% of pilocarpine-treated slices could generate robust ictal-like 

activity in response to 4AP treatment. We may therefore hypothesize that the use of different 

TLE models (i.e. kainic acid versus pilocarpine) contributes to these contrasting 

observations. On the other hand, the observation that ~40% of these slices failed in 

generating ictal-like activity in response to 4AP treatment suggests the existence of complex 

plastic changes that impact the expression of 4AP-sensitive K+ conductances, similarly to 

what was described in the kainic acid model of TLE by Zahn et al. (2008).

CA3-driven interictal-like activity is impaired in pilocarpine-treated epileptic tissue

We have previously demonstrated that CA3-driven interictal activity controls ictogenesis in 

parahippocampal areas, where, accordingly, ictal-like discharges can be disclosed by 

lesioning the Schaffer collaterals (Barbarosie and Avoli, 1997; Barbarosie et al., 2000; 

Benini et al., 2003; de Guzman et al., 2004). These data suggested that the cell damage 

occurring in TLE may cause a permanent decrease of hippocampal output activity that 

would then release ictogenesis, thus establishing a chronic epileptic condition. In line with 

this hypothesis, we have previously reported that interictal-like discharges generated within 

the CA3 area occur less frequently in epileptic than in NEC rodents (Köhling et al., 1995; 

Nagao et al., 1994; D’Antuono et al., 2002). We further substantiated these findings by 

recently showing that in chronically epileptic rats the expression of FosB/ΔFosB is 

decreased in the CA3 subfield, which also appeared to be hypoactive in response to mossy 

fiber but not to local stimulation (Biagini et al., 2005). In addition, it has been reported that 
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the excitatory drive provided by granule cells of the dentate gyrus onto the CA3 area is 

functionally impaired in kindled animals due to the emergence of activity-dependent fast 

inhibition (Gutiérrez and Heinemann, 2001).

Our data further support the potential anti-ictogenic role of CA3 outputs (Barbarosie and 

Avoli, 1997) by showing for the first time that 4AP-induced ictal-like activity generated by 

the EC is not affected in pilocarpine-treated slices when the Schaffer collaterals are severed 

by surgical cut; indeed, this evidence would suggest functional impairment of CA3/EC 

interactions in the epileptic brain. In support of this hypothesis, we have found that, contrary 

to what was observed in intact NEC slices, ictal-like discharges continue to occur in the 

pilocarpine-treated EC even when CA3–EC connectivity is preserved by the slicing 

procedure. It is noteworthy that we have recently described in adult pilocarpine-treated rats 

the development of a focal vascular lesion (Biagini et al., 2008) that strongly correlates with 

disruption of the trisynaptic pathway and the consequent decrease of CA3 excitability 

(Biagini et al., 2005; Ang et al., 2006); these data point at decreased CA3 output as a key 

factor favoring the generation of ictal-like discharges within epileptic parahippocampal 

networks.

EC–subiculum interactions reinforce ictal-like synchronization in epileptic limbic networks

We have shown here that surgical disconnection of the EC from the subiculum mimicked the 

effect of Schaffer collaterals cut in NEC slices whereas in pilocarpine-treated tissue it 

attenuated 4AP-induced ictal-like discharges, which continued to propagate to the 

hippocampus proper via the dentate gyrus (see also Wozny et al., 2005a). Therefore, 

although the perforant pathway appears to retain, at least in part, its functionality, this 

finding further substantiates the role of a functional switch from the trisynaptic to the 

temporoammonic route (Witter et al., 1989) in reinforcing ictal-like synchronization in 

epileptic limbic networks. The involvement of the subiculum in epileptiform 

synchronization is also evidenced by the ability of this region to generate spontaneous 

rhythmic discharges in human epileptic tissue (Cohen et al., 2002; Wozny et al., 2005b) even 

when not stricken by hippocampal sclerosis (Wozny et al., 2005b), suggesting that both 

synaptic and intrinsic neuronal alterations underlie the increased seizure susceptibility of this 

region. In line with these results, pyramidal neurons exhibit hyperexcitability in the epileptic 

rat subiculum (Knopp et al., 2005; de Guzman et al., 2006), where, similarly to what was 

reported from human brain specimens (Huberfeld et al., 2007) downregulation of the K+/Cl− 

cotransporter KCC2 accounts for a depolarized reversal potential of GABAA-mediated 

IPSPs (de Guzman et al., 2006). In addition, we have reported that subicular expression of 

FosB/ΔFosB is increased after pilocarpine-induced SE (Biagini et al., 2005), suggesting 

robust activation of this region during seizure activity.

The strategic position of the subiculum makes it an ideal candidate to control the flow of 

information between hippocampus and parahippocampal structures which in turn deliver 

powerful GABAergic inhibition through recurrent (Menendez de la Prida, 2003) and feed-

forward (Finch et al., 1988; Behr et al., 1998) mechanisms. However, the feed-forward 

control exerted by the temporoammonic pathway changes from mainly inhibitory to 

excitatory in pilocarpine-treated animals (Wozny et al., 2005a). Accordingly, we have shown 
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here that depressing subicular network excitability by local application of kynurenic acid 

restrained ictal-like discharges in the EC while the same procedure applied to the EC 

abolished ictal-like activity in both areas. Local GABAergic inhibition endows the 

subiculum with gating properties that control hippocampal output activity in NEC brain 

slices (Benini and Avoli, 2005). Hence, increased seizure susceptibility of the subiculum 

along with disruption of its physiological gating role in epileptic animals (Van Vliet et al., 

2004; Knopp et al., 2008) should confer this structure a pivotal role in sustaining ictal-like 

synchronization through reinforcement of EC–subiculum interactions.

Amygdala networks drive epileptiform activity in pilocarpine-treated epileptic slices

Field potential recordings from reciprocally connected EC, PC and LA (von Bohlen und 

Halbach and Albrecht, 2002) revealed that the propensity of the latter to drive epileptiform 

discharges is increased in pilocarpine-treated slices. The involvement of amygdala networks 

in TLE is highly documented by several studies from both humans and animal models 

(Gloor, 1992; Pitkanen et al., 1998; Aroniadou-Anderjaska et al., 2008), where this limbic 

area often represents the primary focus of epileptic seizures. In the absence of pathological 

conditions, the amygdala is under strong inhibitory GABAergic control provided by local 

circuits (Le Gal La Salle, 1976; Le Gal La Salle and Ben-Ari, 1981; Rainnie et al., 1991; 

Kemppainen and Pitkänen, 2000; Martina et al., 2001). Investigations performed on epileptic 

tissue obtained from animal models of TLE suggest that the epileptic hyperexcitability seen 

in this area is contributed by interneuronal loss (Tuunanen et al., 1996, 1997). Accordingly, 

GABAergic inhibition is functionally impaired in the epileptic LA (Benini and Avoli, 2006; 

Fritsch et al., 2009).

We have previously reported that severing the Schaffer collaterals discloses ictal-like activity 

in the LA and, accordingly, local electrical stimulation of this area mimicking CA3-driven 

interictal-like activity depresses ictal-like discharges in the EC of NEC animals (Benini et 

al., 2003). Although the LA presents with dense reciprocal connections with the 

hippocampal formation, no direct CA3 input to this region has been identified so far 

(Pitkänen et al., 2000; see also Benini et al., 2003) and, in intact brain slices obtained from 

NEC animals, the CA1/subiculum serves as a bidirectional route of communication between 

the LA and the hippocampus (Pitkänen et al., 2000). Importantly, in spite of the extensive 

neuronal damage, this pathway is largely spared in kainic acid-treated epileptic animals 

(Kemppainen and Pitkänen, 2004). We may therefore hypothesize that, consequent to the 

chronic epileptic condition, impaired hippocampal output along with decreased inhibition 

contribute in concert to the released epileptogenicity of the LA, which would in turn entrain 

the hippocampal formation through the CA1/subiculum projection.
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Fig. 1. 
In vitro ictogenesis is maintained in pilocarpine-treated epileptic tissue. Aa: Epileptiform 

activity induced by 4AP (50 μM) simultaneously recorded from EC and CA3 of a NEC and 

a pilocarpine-treated ‘partially disconnected’ slice shows similar electrographic 

characteristics. Note, however, that epileptic tissue generates ictal-like events that are less 

frequent but more robust than those seen in NEC, as emphasized by the different time scale. 

Note also that CA3-driven interictal-like discharges (arrows) do not propagate to the EC, 

which only generates a pattern of slow interictal-like events (arrowheads). In (b) are the 

expanded traces of the ictal-like discharges indicated by the solid lines in panel (a). B: 

Summary of the results indicating that slices obtained from pilocarpine-treated epileptic 

animals generate ictal-like discharges that are longer in duration and occur less frequently 

than those generated by NEC tissue.
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Fig. 2. 
Interictal-like activity in the CA3 subfield is impaired in pilocarpine-treated slices. A: Field 

potential recordings obtained from the CA3 subfield of a NEC and a pilocarpine-treated 

slice. The CA3 subfield of both tissues generates fast interictal-like activity along with a 

pattern of slow events (asterisks) that resemble the so called ‘synchronous GABA-mediated 

potentials’. The insert shows superimposed expanded traces of the fast interictal-like pattern 

corresponding to the solid bars emphasizing the slower frequency and the smaller amplitude 

of the events generated by the epileptic tissue (black trace) compared to NEC (grey trace). 

Note the lower rate of occurrence of slow interictal-like discharges (asterisks) generated by 

this area in the pilocarpine-treated slice. B: Summary of the results obtained suggesting 

impairment of fast CA3-driven interictal-like activity in epileptic tissue.
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Fig. 3. 
CA3–EC interaction is impaired in pilocarpine-treated epileptic tissue. Effects induced by 

cutting the Schaffer collaterals in NEC (A) and pilocarpine-treated slices (B). In the slice 

schematic, the site of lesion is indicated by the dashed line. Under control conditions, after 

2.5 h of continuous 4AP application, NEC slices generate spontaneous interictal-like 

discharges only while both interictal-like and ictal-like activities still occur in pilocarpine-

treated slices after 3 h of 4AP treatment. Note that in both types of tissue cutting the 

Schaffer collaterals abolishes interictal-like discharges in EC and discloses slow interictal-

like events (asterisks). Further, this procedure recovers ictal-like activity in NEC slices, 

while no change is observed in pilocarpine-treated slices. Inserts on top of Schaffer 

collateral cut panels in A and B are expanded traces of ictal-like discharge onset that initiates 

in both cases in the EC (square in the EC trace of the enlarged ictal-like discharge generated 

by the epileptic tissue marks a period of signal saturation). Inserts on the bottom are 

expanded traces of the slow interictal-like events.
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Fig. 4. 
EC–subiculum interactions reinforce ictal-like activity in pilocarpine-treated epileptic tissue. 

A: On the left, a slice schematic illustrates the extension of the knife cut performed to lesion 

EC–subiculum (Sub) connections (dashed line). The pattern of 4AP-induced epileptiform 

activity (upper traces) changes when EC–subiculum connections are severed by knife cut 

(lower traces). Interictal-like activity no longer propagates to the EC of both NEC (left) and 

pilocarpine-treated (right) slices. However, in NEC slices this procedure discloses ictal-like 

activity spreading to the subiculum, whereas in pilocarpine-treated tissue EC–subiculum 

separation causes a decrease in ictal-like discharge duration. B: Summary of the effects 

induced on ictal-like activity by cutting the connections between EC and subiculum in NEC 

and pilocarpine-treated slices.
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Fig. 5. 
Reciprocal excitatory inputs between EC and subiculum contribute to reinforcement of ictal-

like activity. A: Local application of kynurenic acidto the subiculum (grey area in the slice 

schematic on the left) blocks ictal-like events in this area and reduces their duration in the 

EC. This effect is seen at a time when spontaneous or stimulus induced-interictal-like 

discharges were similar to those seen during control condition (arrows and inserts), 

suggesting that the decreased duration of ictal-like activity in EC was not due to spread of 

kynurenic acid from the subiculum to this area. Arrowheads in the inserts indicate the time 

of electrical stimulation. B: After ~40 min washout, subsequent application of kynurenic 

acid to the EC in the same slice abolishes 4AP-induced ictal-like discharges recorded in both 

EC and subiculum (the site of local application is indicated by the grey area in the slice 

schematic on the left).
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Fig. 6. 
Increased LA drive of epileptiform activity in pilocarpine-treated tissue. A. Slow interictal-

like events recorded from the EC, PC and LA showing the different sites of onset (arrows) in 

NEC and pilocarpine-treated epileptic tissue, where the LA most frequently initiates this 

type of discharge. B. Frequency distribution histograms of time delays of interictal-like 

events generated by NEC and pilocarpine-treated slices, showing the increased propensity of 

the LA to drive this type of epileptiform activity in the latter. C. Expanded traces illustrating 

the different onset modalities of ictal-like events in NEC and pilocarpine-treated tissues. As 

indicated by the arrows, in these experiments the PC initiates the ictal-like event in the NEC 

slice, whereas the LA is the site of initiation in the pilocarpine-treated slice. D. Frequency 

distributions of time delays of ictal-like discharges generated by NEC and pilocarpine-

treated slices, where the right shift of the distribution histograms indicates increased 

propensity of the epileptic LA to drive ictal-like activity.
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